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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants. 
In recent years, the presence of PAHs in air, soil and water systems has been highly 
concerned. It is mainly because this class of chemicals has been proved to be 
carcinogenic in experimental animals and is a potential health risk to human. PAHs 
are naturally present in fossil fuels. Utilization of fossil fuels, including incomplete 
combustion and spillage, is the major source of PAHs in our environment. Because 
of the hydrophobic nature of PAHs, after entering marine environment, they tend to 
associate with particles and ultimately with sediment. Marine ecosystem simply 
serves as a sink for PAHs from many sources. This is not only a threat to marine 
organisms but also a risk to human when consuming seafoods. 
Photocatalytic oxidation (PCO) has been an alternative method for purification of 
water. The critical steps in the titanium dioxide (TiCb) photocatalyzed oxidation of 
organic compounds are charge carriers (e' and h+) mediated generation of hydroxyl 
radicals (•OH). PCO process is believed to have high potential to be an efficient, 
non-selective, and low cost technique to remedy contaminated water and sediment. 
In the present study, PCO was used to degrade five selected PAHs with two to six 
fused aromatic rings — naphthalene, anthracene, chrysene, benzo[a]pyrene and 
benzo[g,h,i]perylene. The optimal physico-chemical conditions for PAHs 
degradation were determined. The optimal Ti02 concentration was 100，50，50, 
150, and 100 mg/1 for the PCO of naphthalene, anthracene, chrysene, benzo(a)pyrene, 
and benzo(g,h,i)perylene respectively. Maximal UV intensity (24 mW/cm ) was 
found to be optimal for degrading four PAHs, except anthracene that only high UV 
intensity (18 mW/cm^) was sufficient to get the highest removal efficiency (RE). 
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The optimal pH for the PCO of anthracene was 4.0, while that of the other four 
PAHs was 5.8. Five mM hydrogen peroxide (H2O2) was added to enhance the PCO 
process without any inhibitory effect. The overall RE was significantly improved 
after optimization process, but no obvious relationship was found between the 
structure of PAHs and the reaction rate or optimized conditions. 
Acute toxicity was detected by using Microtox® test during the PCO of the five 
PAHs respectively. The toxicity was caused by the degradation intermediates 
instead of the parental PAHs since the disappearance of parental compounds (5 - 30 
mins) in reaction mixture was much faster than the removal of toxicity ( 6 - 1 2 hrs). 
The change in acute toxicity in PCO was better correlated to the removal in total 
organic carbon (TOC) ( 6 - 8 hrs). Mutatox® test was also applied in this study to 
measure the mutagenicity of samples after PCO process. Only the sample after the 
PCO of benzo(g,h,i)perylene showed mutagenicity. It was believed that longer 
PCO process was required for the removal of residual mutagenicity than that for 
removal of acute toxicity in the case of benzo(g,h,i)perylene. 
Finally, the possible degradation pathways of PAHs in PCO process were determined. 
A great number of intermediates were detected and they could be divided into six 
major groups of organic compounds: ketones, aldehydes, carboxylic acids, alcohols, 
alkenes and alkanes. As they appeared randomly and with low quantity during 
PCO process, it was difficult to determine the variation of their concentrations over 
time and the relationship between their appearance and toxicity. However, it could 
be concluded that the number of intermediates formed was related to the ring number 
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1. Introduction 
The natural environment is contaminated by various compounds, among them some 
are very toxic for living organisms even in very low doses. Polycyclic aromatic 
hydrocarbons (PAHs) are of high environmental concern because some of these 
compounds are potent carcinogens, mutagens, or teratogens (Miller et al., 1988; 
Fouillet et al., 1991; Ireland et al., 1995; Lehto et al.’ 2000a, 2000b; Lee and 
Hosomi, 2001). Improper disposal of PAH containing waste has urged a broad 
range of studies for effective environmental remediation processes to clean up 
contaminated sites to some regulatory concentration levels (Bahnemann et al., 1994; 
Davis, 1994). In this study, photocatalytic oxidation (PCO) was used to degrade 
five selected PAHs. 
1.1 Polycyclic aromatic hydrocarbons (PAHs) 
1.1.1 Characteristics of PAHs 
Polycyclic aromatic hydrocarbons are aromatic hydrocarbons with two or more fused 
carbons rings in linear, angular, or cluster structure, and have substituted groups 
attached to the rings (Zeng et al” 2000a). Compounds range from naphthalene 
(CioHg, two rings) to coronene (C24H12, seven rings), and compounds with nitrogen, 
sulphur, or oxygen are often included in the PAH classification. There are more 
than 100 different PAH compounds. Although the properties and effects of the 
individual PAHs are not exactly the same, 16 PAHs are considered as a group and 
listed by United States Environmental Protection Agency as priority pollutants due 
to their highly toxic and mutagenic properties (Varanasi, 1989; Agency for Toxic 
Substances and Diseases Registry, 1995; Sabate et al., 2001). The 16 PAHs include 
a two-ring compound, naphthalene; three-ring compounds, acenaphthylene, 
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acenaphthene, fluorine, phenanthrene and anthracene; four-ring compounds, 
fluoranthene, pyrene, benzo(a)anthracene and chrysene; five-ring compounds, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene and 
dibenzo(a,h)anthracene; and six-ring compounds, indeno(l ,2,3-cd)pyrene and 
benzo(g，h，i)perylene. As pure compounds, PAHs exist as colorless, white or pale 
yellow-green solid (Agency for Toxic Substances and Diseases Registry, 1995). In 
general, PAHs have low solubility in water, high melting and boiling points, and low 
vapor pressure. Solubility decreases, melting and boiling points increase, and vapor 
pressure decreases with increasing molecular weight (Miller and Olejnik, 2001). 
There is no specific use for most of PAH compounds, except a few PAHs are used in 
medicines and to make dyes, plastics, and pesticides (Agency for Toxic Substances 
and Diseases Registry, 1995). 
1.1.2 Sources of PAHs 
Most PAHs are formed by thermal decomposition of organic molecules and 
subsequent recombination of the organic particles (pyrolysis) (Neff, 1985). 
Incomplete combustion of organic matter produces PAHs in a high-temperature (500 
-800°C) environment. All forms of combustion, except flammable gases well 
mixed with air, produce some PAHs. Subjection of organic material to low 
temperature (100 - 300�C) for long periods of time also results in PAHs formation 
that can be found in coal and oil (Grimmer, 1983; Neff, 1985). Although the PAH 
compounds formed by high- and low-temperature processes are similar, the 
proportional representation of individual compounds and isomers are different 
(Grimmer, 1983). 
There are two major sources of PAH compounds. Natural sources of PAHs include 
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forest and grass fires, oil seeps, volcanoes, and chlorphyllous and nonchlorophyllous 
plants (Eisler, 1987; McElroy et al,, 1989). Anthropogenic sources of PAHs 
include petroleum spills and discharges, electric power generation, refuse 
incineration, home heating, coke, carbon black, coal tar, asphalt production, and 
internal combustion engines (Neff，1985; Warman, 1985; Eisler, 1987; Lehto et al., 
2000b). These PAHs enter the atmospheric, aquatic or terrestrial environment and 
cause contamination problems (Eisler, 1987; Baek et al., 1991; Lehto et al” 2000b; 
Miller and Olejnik，2001; Sabate et al., 2001). 
1.1.3 Environmental fates of PAHs 
Polycyclic aromatic hydrocarbons released into the atmosphere have a strong affinity 
for airborne organic particles and can be moved great distances by air currents. The 
molecules are eventually transported to earth and water as dry or wet particulate 
deposition (Baek et al., 1991). Low-molecular-weight PAHs such as naphthalene 
are relatively water soluble, but PAHs with three or more fused benzene rings, due to 
their hydrophobic nature, are bound and transported by fine particles and dissolved 
organic matter in aquatic environment (Cemiglia and Heitkamp, 1989; Miller and 
Olejnik, 2001). Some PAHs exposed to sunlight, in air or water, can be converted 
to polar oxidized compounds (Cemiglia and Heitkamp, 1989). This process is 
known as photo-oxidation. Degradation of PAHs in water by photolysis occurs 
when oxygen is insufficient for photo-oxidation (Cemiglia and Heitkamp, 1989). 
High-molecular-weight PAHs are particularly likely to be altered by this mechanism 
(Neff, 1985). Chemical oxidation of PAHs can result from water and wastewater 
treatment operations and chemical reactions in the atmosphere (Neff, 1985; Baek et 
al” 1991). 
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Besides the physical and chemical fates mentioned above, biological factors play 
important role on the environmental fates of PAHs. Microbes, including bacteria, 
yeasts and fungi, in the water metabolize the low-molecular-weight and structurally 
simple PAHs (Juhasz and Naidu, 2000). High-molecular-weight and structurally 
complex PAHs are more resistant to microbial degradation and eventually settle into 
the bottom sediments. Mammals, birds, fish, and many invertebrates (crustaceans, 
sediment polychaetes, sediment amphipods, polychaete worms, echinoderms and 
insects) metabolize and excrete some of the PAHs ingested during feeding, grooming, 
and respiration (James, 1989; Landrum, 1989; Penry and Weston, 1998). Some 
terrestrial plants and aquatic algae can assimilate and metabolize PAHs (Eisler, 
1987). 
Accumulation of PAHs is usually inversely related to the ability of the organism to 
metabolize PAHs (Lee and Grant, 1981; Eisler, 1987). Organisms such as fish and 
some crustaceans with well-developed mixed-function oxygenase (MFO) system 
(microsomal monooxygenases) are capable of metabolizing PAHs and only 
accumulate PAHs in heavily polluted areas (Eisler, 1987; Murray, 1991). Aquatic 
environmental factors that reducing the potential for PAHs uptake and retention 
include high levels of dissolved or suspended organic material and warm water 
temperatures. Increases in accumulation of PAHs along the trophic level have not 
been observed in aquatic ecosystems (McElroy et al., 1989; Broman et al” 1990). 
Aquatic and terrestrial mammals, bird, reptiles and amphibians have well-developed 
MFO systems, but the responsiveness to PAHs is not as well known as that for fish 
t 
and aquatic invertebrates (Rattner et al” 1989). Aquatic algae and diatoms can 
accumulate aromatic hydrocarbons from water, but terrestrial plants are poor 
accumulators of soil PAHs, presumably because PAHs strongly adsorb to soil 
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organic material (Eisler, 1987). Most of the PAHs detected in plant tissues are 
probably derived from the atmosphere (Wild et al,, 1992). 
Organisms with high lipid content and poor MFO systems are most likely to 
accumulate PAHs (Eisler, 1987; McElroy et al., 1989). Once assimilated, 
high-molecular-weight PAHs (four or more benzene rings) are the most difficult 
group to be excreted, regardless of MFO capability (Eisler, 1987; Varanasi et al； 
1989). 
1.1.4 Effects of PAHs on living organisms 
1.1.4.1 General effects 
Anthropogenic PAHs affect living organisms through their toxicity. The toxic 
mechanism of PAHs seems to be interference with cellular membrane function and 
enzyme systems associated with the membrane (Neff, 1985; Walker, 2001). 
Although unmetabolized PAHs can have toxic effects, a major concern in animals is 
the ability of reactive metabolites such as epoxides and dihydrodiols of some PAHs 
to bind to cellular proteins and DNA (Lippmann, 1992; Walker, 2001). The 
resulting biochemical disruptions and cell damage lead to mutations, developmental 
malformations, tumors and cancer (Lee and Grant, 1981; Eisler, 1987; Varanasi, 
1989; Walker, 2001). Four-, five-, and six-ring PAHs, that consist of higher number 
of “bay region，’ for epoxides formation, have greater carcinogenic potential than the 
two-, three-, and seven-ring PAHs (Neff, 1985; Eisler, 1987; Lippmann, 1992). The 
addition of alkyl groups to the base PAH structure often produces carcinogenicity or 
enhances existing carcinogenic activity (e.g. 7,12-dimethylbenz(a)anthracene). 
Substantial differences occur among animals in sensitivity to PAH-induced 
carcinogenesis (Neff, 1985; Eisler, 1987; Walker, 2001). Although some cancerous 
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and precancerous neoplasms have been found in fish from heavily polluted sites, 
there is limited evidence to support a cause-and-effect relation between 
environmental levels of PAHs and induction of cancer in aquatic organisms (Neff, 
1985; Baumann, 1989; Walker, 2001). 
In aquatic environment, the toxicity of individual PAHs to plants and animals 
increases as molecular weight increases up to 202 (e.g. fluoranthene, pyrene). For 
PAHs with molecular weight beyond 202, a rapid decline in solubility reduces 
potential PAH concentrations to less-than-lethal levels (Neff, 1985). However, 
sublethal effects can result from exposure to these high-molecular-weight 
compounds in very low concentrations (Neff, 1985; Walker, 2001). Environmental 
concentrations of PAHs in water are usually several orders of magnitude below 
levels that are acutely toxic to aquatic organisms. Sediment PAH concentrations 
can be much higher than water concentrations, but the limited bioavailability of these 
PAHs greatly reduces their toxic potential (Eisler, 1987; Walker, 2001). 
1.1.4.2 Effects on plants 
Individual PAHs, mostly two- and three-ring compounds, at low concentrations (5 -
100 jig/l) can stimulate or inhibit growth and cell division in aquatic bacteria and 
algae. Exposure to PAHs inhibited growth of Lemna gibba (EC50 = 7.2 mg/1 total 
polycyclic aromatic hydrocarbons) and Myriophyllum spicatum (EC50 = 2.6 mg/1) 
despite differences in physiology (Marwood et al., 2001). At high concentrations 
(0.2 - 10 mg/1), the same PAHs interfere with cell division of bacteria, cell division 
and photosynthesis of algae and macrophytes, and can cause death (Neff，1985; 
Eisler, 1987; Huang et al., 1996). Plant germination and growth were also strongly 
inhibited by the presence of naphthalene (Henner et al.’ 1999). 
6 
1.1.4.3 Effects on invertebrates 
Individual PAH compounds, in short-term exposure trials (24 - 96 hr) on selected 
aquatic invertebrates, had LC50 values ranging from 0.3 to 5.6 mg/1 (Neff, 1985; 
Eisler, 1987). PAHs can also show toxicity to sediment dwelling invertebrates. 
LC50 values of 0.5 - 10 mg/kg have been reported for marine amphipods for 
benzo(a)pyrene, fluoranthene and phenanthrene, used singly or in mixtures (Walker, 
2001). LC50 values of 150 mg/kg and 170 - 210 mg/kg have been reported for 
phenanthrene and fluorine, respectively, in the earthworm (World Health 
Organization, 1998). The no observable effect level (NOEL) for survival and 
reproduction in earthworm was estimated to be 180 mg/kg dry soil for 
benzo(a)pyrene, chrysene and benzo(k)fluoranthene (World Health Organization, 
1998). Egg and larval stages of invertebrates are more sensitive than juveniles or 
adults to dissolved PAHs. Sublethal effects include reduced reproduction, inhibited 
embryo and larval development, delayed emergence of insect larvae, decrease 
respiration and heart rate, abnormal blood chemistry, and lesions (Neff, 1985; Eisler, 
1987). 
1.1.4.4 Effects on fishes 
Individual PAH compounds in short-term exposure trials (24 - 96 hr) on selected 
species of fish had LC50 values ranging from less than 1 to more than 100 mg/1 
(Eisler, 1987). The primary target organ for toxic action is liver (Schultz and 
Schultz, 1982). PAHs have been showed to cause tumour development in fish in 
response, for example, to oral, dermal or intraperitoneal administration of 
benzo(a)pyrene and 3-methylcholanthrene (World Health Organization, 1998). 
Hepatic tumours have been reported in wild fish exposed to sediment containing 
approximately 250 mg/kg of PAHs (World Health Organization, 1998). Leadly et 
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al (1998) reported that PAHs might cause morphological abnormalities (such as lip 
and skin lesions) and physiological effects, included cytochrome P450 enzyme 
induction, liver neoplasms, and carcinomas, of brown bullheads (Ameiurus 
nebulosus). Sublethal effects on eggs, larvae, juveniles, and adult fish are similar to 
those caused by exposure to petroleum (Neff, 1985; Eisler, 1987; Hall and Uris, 
1991). Mutations occurred in pink salmon embryos (Onchorhynchus gorbuscha) 
after exposure to crude oil from the tanker Exxon Valdez, which caused extensive 
pollution of coastal regions of Alaska (Roy et al., 1999). 
Although accumulated evidence implies that metabolism of PAHs poses a health 
hazard to fish, most of the experimental evidences on PAH metabolism are derived 
from studies with cultured fish or fish collected from pristine areas (Neff, 1985; 
Eisler, 1987). Metabolism of PAHs by feral fish in areas chronically contaminated 
with multiple pollutants is poorly studied, and information is lacking on dose-effect 
and temporal aspects of m situ exposure to carcinogens (Baumann, 1989; Varanasi et 
al., 1989). Also, species differences in PAH metabolism and incidence of 
neoplasms, even among closely related species (Varanasi et al., 1989), complicate 
efforts to generalize about findings from individual studies. 
1.1.4.5 Effects on reptiles and amphibians 
The injection of perylene or implantation of crystals of beiizo(a)pyrene and 
3-methylcholanthrene in amphibians produced cancerous and noncancerous tumors 
(Eisler, 1987; Walker, 2001). It has been suggested that amphibians are more 
resistant to PAH carcinogenesis than mammals because of the demonstrated inability 
of the hepatic microsomes of the tiger salamander {Ambystoma tigrinum) to produce 
mutagenic metabolites (Anderson et al.’ 1982). 
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1.1.4.6 Effects on birds 
The limited information available on the effects of individual PAHs on birds comes 
mostly from studies of the effects of petroleum on eggs. Experiments have showed * 
that the PAH fraction of crude and refined oils is responsible for the lethal and 
sublethal effects on bird embryos caused by eggshell oiling (Hoffinan, 1990). 
Mallards (Anas platyrhynchos) fed 4,000 mg/1 of an aromatic mixture consisting 
primarily of two- and three-ring PAHs for seven months had a 25% increase in liver 
weight and a 30% increase in hepatic blood flow (Patton and Dieter, 1980). The 
four-ring and higher aromatic fraction of crude oils was responsible for weight loss 
in young herring gulls {Lams argentatus) orally dosed with crude oils (Miller et al., 
1982). Benzo(a)pyrene, chrysene, or 7,12-dimethylbenz(a)anthracene was found to 
cause abnormal embryos with extreme stunting; eye, brain, and bill defects; and 
incomplete ossification on mallard {Anas platyrhynchos) (Hoffman and Gay, 1981). 
1.1.4.7 Effects on mammals 
The metabolism and effects of some PAHs have been well documented in laboratory 
rodents and domestic mammals, but not in wild mammals. Acute oral LD50 values 
for selected PAHs in laboratory rodents range from 50 to 2,000 mg/kg (Eisler, 1987). 
Naphthalene, for example, had a mean oral LD50 of 2,700 mg/kg to the rat (World 
Health Organization, 1998). Similar values have been found with other PAHs 
(World Health Organization, 1998). Mice fed high levels of benzo(a)pyrene during 
pregnancy had difficulty reproducing and so did their offsprings (Agency for Toxic 
Substances and Diseases Registry, 1995). The offsprings of pregnant mice fed 
beiizo(a)pyrene also showed other harmful effects, such as birth defects and 
decreased body weight (Agency for Toxic Substances and Diseases Registry, 1995). 
Target organs for PAH toxic action are tissues of the hematopoietic system, skin, 
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small intestine, kidney, and mammary gland (Li and Chiang, 1997). The immune 
system can also be adversely affected (Davila et al., 1997; World Health 
Organization, 1998). Unsubstituted PAHs are rapidly metabolized and hence, 
accumulation does not occur (Eisler, 1987). 
Because PAH toxicity occurs at levels that can also induce cancer, concerns about 
the carcinogenic potential become predominant. Consequently, PAHs that are not 
carcinogenic are less studied than those that are carcinogenic (Eisler, 1987). 
Alkylated PAHs and metabolites of unsubstituted PAHs can induce cancerous and 
noncancerous neoplasms in most of the epithelial tissues of laboratory and domestic 
mammals (World Health Organization, 1998). Species differences in sensitivity to 
carcinogenesis appear to be largely a function of differences in levels of MFO 
activity (Eisler, 1987; Yu, 2001). Interactions among PAHs and between PAHs and 
other substances found in mammals have been reported (Eisler, 1987). 
Investigations involving mixtures of PAHs are needed to accurately determine the 
potential hazard to all organisms of exposure to multiple PAHs from polluted 
environments. 
1.2 PAH contamination in Hong Kong 
Early in 1984，the Environmental Protection Department (EPD) of Hong Kong has 
started the monitoring of total PAHs and individual PAH components in sediment 
samples collected in Hong Kong water (Chan et al., 1996). The individual PAHs 
reported including anthracene, chrysene, beiizo(a)pyrene, fluorene, fluoranthene, 
benzo(b)anthene, beiizo(g,h,i)perylene, phenanthrene, pyrene and 
benzo(k)fluoranthene. Hong et al, (1995) have also reported the occurrence of a 
variety of hydrocarbons in dry sediments in Victoria Harbour. The total PAHs was 
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reported to vary from 1.2 to 454 mg/kg dry weight in 12 selected sampling stations. 
According to these results, they concluded that Victoria Harbour sediment was 
heavily polluted with petroleum hydrocarbon, and they suggested that local control 
on pollutant discharge from industrial and urban sources is important to avoid toxic 
effects on aquatic biota (Hong et al” 1995). 
Zheng and Richardson (1999) carried out another study on petroleum hydrocarbons 
and PAHs in Hong Kong marine sediments. A total of 20 sediment samples were 
obtained from Hong Kong coastal waters and analyzed for petroleum hydrocarbons 
and PAHs. The concentration of total PAHs varied from 0.007 to 4.42 mg/kg in 
dried sediments. They concluded that Hong Kong's nearshore sediments, 
especially in areas of high density population and industrialization, were seriously 
polluted with petroleum related hydrocarbons. Some areas required urgent 
remedial attention. They believed that the transportation of oil, shipping activities, 
spillages, and industrial, stormwater and wastewater discharge were all likely 
sources of contamination (Zheng and Richardson, 1999). 
Tarn et al. (2001) performed a study on the contamination of PAHs in surface 
sediments of mangrove swamps. The study showed that concentrations of total 
PAHs and individual PAH in surface sediments varied significantly among mangrove 
swamps and within the same swamp. The values ranged from 0.4 to 11.1 mg/kg 
dry weight. This indicated that the contamination was localized. Another finding 
was that the dominant PAHs in samples were low-molecular-weight PAHs, including 
naphthalene, fluorene and phenanthrene (Tarn et al., 2001). Oil spill and leakage 
from boats and ships, discharge from municipal and industrial wastewater and runoff 
were believed to be the important sources of PAH contamination in the mangrove 
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swamps (Tarn et al., 2001). 
1.3 Treatments of PAH contamination 
1.3.1 Physical treatments 
Approximately two-thirds of the PAHs in surface waters are particle-bound and can 
be removed by sedimentation, flocculation, and filtration processes. The remaining 
one-third of the dissolved PAHs usually requires oxidation for partial removal or 
transformation (United States Environmental Protection Agency, 1980). 
Incineration is a common physical treatment for PAHs contaminated materials. 
Acenaphthene, acenaphthylene, benz(a)anthracene; benzo(a)pyrene, 
betizo(b)fluoranthene, chrysene, dibenz(a,h)anthracene, indeno(l，2,3-c，d)pyrene, and 
fluoranthene are all good candidates for rotary kiln incineration at temperatures 
ranging from 820 to 1，600�C and residence times of seconds for liquids and gases, 
and hours for solids (United States Environmental Protection Agency, 1981a; United 
States National Library of Medicine, 2001b). Benz(a)anthracene, benzo(a)pyrene, 
chrysene, dibenz(a,h)anthracene, indeno(l,2,3-c,d)pyrene, and fluoranthene all are 
good candidates for fluidized-bed incineration at a temperature of 450-980°C and 
residence times of seconds for liquids and gases and longer for solids (United States 
Environmental Protection Agency, 1981a; United States National Library of 
Medicine, 2001b). Benz(a)anthracene also is a good candidate for liquid injection 
incineration at a temperature range of 650-1,600°C and a residence time of 0.1 to 2 
seconds (United States Environmental Protection Agency, 1981a; United States 
National Library of Medicine, 2001b). Liquids containing pyrene should be 
atomized in an incinerator. Combustion is improved by mixing with a more 
flammable solvent. Solids should be combined with paper or other flammable 
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material prior to incineration (United Nations, 1985). Water contaminated with 
benzo(g,h,i)perylene can be decontaminated by activated carbon adsorption (United 
States Environmental Protection Agency, 1981b). Anthracene in waste chemical 
streams may be subjected to ultimate disposal by controlled incineration (United 
States Environmental Protection Agency, 1981a; United States National Library of 
Medicine, 2001b). 
1.3.2 Chemical treatments 
Chemical treatment is a non-selective water treatment method. Benz(a)anthracene, 
chrysene, dibenz(a,h)anthracene, benzo(k)fluoranthene, benzo(j)fluoranthene, 
benzo(b)fluoranthene，and benzo(a)pyrene laboratory wastes can be oxidized using 
agents such as concentrated sulfuric acid, potassium dichromate, or potassium 
permanganate (International Agency for Research on Cancer, 1985; Castegnaro et al., 
1991). Permanganate is a vigorous oxidant which has showed high effectiveness. 
It has been proved to be effective in removing tastes and odors caused by the 
decomposition of organic matter (Bowers, 1990). 
Hydrogen peroxide, combined with a ferrous iron catalyst, known as Fenton's 
reagent, has been showed effective in treating a variety of organic compounds 
(Bowers et al” 1989; Lee and Hosomi, 2001). Studies using solutions of pure 
compounds and industrial wastewaters indicated near complete destruction of the 
original compounds during oxidation (Bowers et al” 1989). In addition, the 
oxidation by-products were less toxic and more biodegradable than the original 
organic compounds. 
Ozone (O3) is also known to be a powerful oxidant available for practical application 
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in water and wastewater treatment. It has been used for disinfection, chemical 
oxidation and pre-oxidation in preparation for biological treatment (Gurol, 1985; 
Mehta et al., 1989). Chemical oxidation using electrophile O3 was seen as an 
alternative treatment of aqueous PAHs (Trapido et al., 1994, 1995; Beltran et al., 
1996; Masten et al” 1996). Kinetic studies showed that PAHs were removed within 
several to 30 min of ozonation (Trapido et al., 1995; Beltran et al., 1996) with 
intermediates such as o-carbonxybenzaldehyde and phthalic acid observed at low 
ozone dosage and oxalic and formic acid observed at higher ozone dosage (Legube 
et al., 1984). Early studies of pyrene degradation by O3 were carried out in 
different solutions (Yao et al,, 1998). Rapid disappearance of pyrene was often 
observed in ozonated aqueous environment with less defined reaction products 
(Butkovic et al., 1983; Corless et al., 1990; Trapido et al,, 1995). 
1.3.3 Biological treatment 
Bioremediation, which was found to have cost and technical advantages (Lajoie and 
Storm, 1994; Kocher et al.’ 1995; Joshi and Lee, 1996; Vogel et al., 1996), is 
emerging as a practical alternative to traditional disposal techniques (Cemiglia 1993; 
Thomas and Lester 1993; Wilson and Jones 1993). While low-molecular-weight 
PAHs are susceptible to biodegradation (Wilson and Jones, 1993; Cutright and Lee, 
1994; Muncnerova and Augustin, 1994; Lehto et al., 2000a, 2000b), 
high-molecular-weight PAHs that are highly mutagenic and carcinogenic remain 
recalcitrant (Wilson and Jones, 1993; Schneider et al” 1996; Lehto et al.’ 2000a, 
2000b). It has only recently been considered as a viable treatment method for 
contaminated soils but is now being used or is under consideration by the USEPA 
for clean-up in over 135 Super-fund and underground storage tank sites (Sims 1990; 
Carraway and Doyle, 1991). In situ treatment involves addition of nutrients, an 
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oxygen source, and, sometimes, specifically adapted microorganisms that enhance 
degradation. Current in situ treatments have been used with some success for 
removal of two- and three-ring PAHs but generally are considered ineffective for 
removal of most PAHs from soil (Wilson and Jones 1993). 
In situ methods such as landfarming also have been used successfully to degrade 
PAHs with three or fewer aromatic rings. The waste material is applied to the soil 
as slurry and the area is fertilized, irrigated, limed, and tilled. The major 
disadvantage of landfarming is that contaminants can migrate from the treatment 
area. To enhance treatment and minimize movement of contaminants, prepared 
beds have been used. For this type of remediation, the contaminated soil is 
removed to a specially prepared area lined with a low permeability material and the 
bed is used to optimize degradation (Wilson and Jones, 1993). 
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A third type of bioremediation involves the use of a bioreactor in a dedicated 
treatment area. The contaminated soil is excavated, slurried with water, and treated 
in the reactor. The horizontal drum and airlift-type reactors are usually operated in 
the batch mode but may also be operated in a continuous mode. Because there is 
considerable control over the operating conditions, treatment often is quick and 
effective. Contaminated groundwater and effluent also may be treated in either 
fixed-film or stirred-tank bioreactors. However, bioreactors are still in the 
developmental stages and further research is required to optimize their efficiency and 
cost effectiveness (Wilson and Jones, 1993). A pilot-scale evaluation of the 
bioreactor method was carried out in a joint Superfund Innovative Technology 
Evaluation (SITE) project and a project to collect information for the Best 
Demonstrated Available Technologies (BDAT) database (Lewis, 1993). Five 64 1 
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bioslurry reactors were charged with a 30% (w/v) ratio of creosote-contaminated soil 
from a Superfund site, inoculated with PAH degraders, and inorganic nutrients were 
added. Total PAH-degradation averaged 93.4 士 3.2o/o over all reactors during the 
12-week study, with 97.4 percent degradation of the two- and three-ring PAHs and 
90% degradation of the four- to six-ring PAHs (Lewis, 1993). 
Huesemann et al. (1993) carried out a 16-week laboratory study to assess the 
biotreatability of PAHs in refinery American Petroleum Institute (API) oil separator 
sludge. Two biotic treatments were evaluated. The first one was a 
nutrient-amended, inoculated, aerated slurry reactor, while the second one was an 
oxygen-sparged reactor. A sterile, nitrogen-sparged reactor was used as a control. 
Naphthalene, anthracene, phenanthrene, and benzo(a)pyrene were completely 
biodegraded in 4 weeks in both biotic reactors. Chrysene biodegraded in four 
weeks in the aerated reactor and in 16 weeks in the oxygen-sparged reactor. No 
significant changes in pyrene concentration were observed in the oxygen-sparged 
reactor and only a 30% degradation was observed in the aerated reactor. The 
authors concluded that aerobic biotreatment was successful in removing most BDAT 
PAHs from refinery API oil separator sludge (Huesemann et al； 1993). 
1.4 Advanced oxidation processes (AOPs) 
The AOP technology almost all rely on the generation of very reactive free radicals 
such as hydroxyl radical (•OH) to function as initiators (Bolton and Cater, 1994). 
There are different types of AOPs (Table 1.1) used or under development in order to 
cope with cases of severe pollution of the drinking water reserves or surface waters 
used for the same purpose, as well as for the non-biological treatment of wastewaters 
from different industries (Braun, 1991). Whereas UV light alone or (sunlight or 
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Table 1.1 Classification of advanced oxidation processes (AOPs). 
Advanced Oxidation Processes (AOPs) References 
Homogeneous AOPs 
Dark oxidation 
Fenton's reaction (Fe^^/Fe^^ with H2O2) Braun, 1991 
Bolton and Cater, 1994 
Ozone with hydrogen peroxide Braun, 1991 
Bolton and Cater, 1994 
Ozone at high pH Bolton and Cater, 1994 
Light oxidation 
UV with hydrogen peroxide (H2O2) Braun, 1991 
Bolton and Cater, 1994 
Braun and Oliveros, 1997 
UV with ozone (O3) Braun, 1991 
Bolton and Cater, 1994 
Braun and Oliveros, 1997 
UV with hydrogen peroxide and ozone Bolton and Cater, 1994 
Braun and Oliveros, 1997 
UV-assisted Fenton's reaction Ormad, et al., 2001 
Heterogeneous AOPs (Photocatalytic Oxidation (PCO))  
Titanium dioxide (TiOz) with UV Braun, 1991 
Bolton and Cater, 1994 
Braun and Oliveros, 1997 
Titanium dioxide and hydrogen peroxide with UV Braun and Oliveros, 1997 
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UV light) oxidant alone (e.g. Fenton's reaction) lead to partial destruction of 
contaminants, the simultaneous use of light and an oxidant (H2O2, O3) with/without 
photocatalysts completely mineralizes organic carbon to carbon dioxide (Serpone et 
al., 1994). This is a principal advantage of AOP approaches to water treatment. 
Among the AOPs summarized in Table 1.1，heterogeneous AOPs / photocatalytic 
oxidation (PCO) has showed considerable promise as a degradation technique for a 
broad range of organic pollutants (Table 1.2)，both in aqueous system and in the gas 
phase (Wolfrum and Ollis, 1994; Minabe et al； 2000; Bessa et al., 2001; Chen et al., 
2001; Konstantinou et al” 2001). In PCO, a suspension of a particulate metal oxide 
(or other insoluble inorganic semiconductor powder) is irradiated with natural or 
artificial UV light (wavelength < 386 nm) (Kirso et al” 1991; Serpone et al., 1993; 
Bahnemann et al., 1994; Ferry and Glaze, 1998; Vidal, 1998; Hei, 1999; Feitz et al., 
2000; Malato et al., 2000; Muneer et al., 2001; Zhang et al.，2001). This excitation 
promotes an electron from a bonding or no bonding level in the solid to a highly 
delocalized level, creating a localized oxidizing site (a hole - h+) in conduction band 
and a mobile reducing site (an electron - e') in valence band (Equation 1) 
(Bahnemann et aL，1994; Ferry and Glaze, 1998; Vidal, 1998; Hei, 1999; El-Morsi， 
2000; Huang and Hong, 2000; Machado et al., 2000; Davydov et al” 2001; Galindo 
et al； 2001; Khodja et al., 2001; Konstantinou et al” 2001; Muneer et al., 2001). 
This photogenerated electron-hole-pairs can then be captured by reagents present on 
the surface of the solid photocatalyst or recombined (Figure 1.1) (Bahnemaim et al., 
1994; Maurino et al” 1997; Ferry and Glaze, 1998; Vidal, 1998; Hei, 1999; El-Morsi, 
2000; Huang and Hong, 2000; Machado et al.’ 2000; Davydov et al., 2001; Galindo 
et al.’ 2001; Khodja et al” 2001; Konstantinou et al” 2001; Muneer et al” 2001). 
The hole can be filled by electron transfer from an adsorbed pollutant molecule (R) 
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Table 1.2 Organic compounds that have been successfully treated by PCO using 
Ti02. 
Organic compounds References 
Solvents 
Dichloroethylene, trichloroethylene and Chen et al., 1999 
tetrachloroethylene Yamazaki et al., 2001 
Methanol, ethanol and chloroform Chen et al., 1999 
Benzene, toluene and xylene Topudurti et al., 1998 
1-Butene Cao et al, 1999 
Phenols 
Bisphenol A Ohko et al., 2001 
2,4-Dichlorophenol Ormad et al., 2001 
2-Chlorophenol Chan et al” 2001 
Doong et al., 2001 
Phenol Modise et al., 2000 
Zhang et al” 2001 
Pesticides 
Cyromazine Goutailler et al., 2001 
Monoalkyl dithiocarbamate (Vapam®) Vidal and Martin Luengo, 2001 
Paraquat Vohra and Tanaka, 2001 
Polychlorinated biphenyls (PCBs) 
|PCBs [Huang and Hong, 2000 
Dyes 
Acid blue 74 Galindo et al., 2001 
Reactive red 2 and methylene blue Franke and Franke, 1999 
Others  
Cyanotoxin Senogles et al., 2001 
—Dichloroacetic acid Feitz et al； 2000 
Dichloropropionic acid Chen et al., 1999 
1,2-Diethyl phthalate Muneer et al” 2001 
Fluorinated surfactants Huang and Hong, 2000 
Lignin Machado et al., 2000 
o-Methylbenzoic acid Wang et al., 2000b 
—Pyridazine, pyrimidine and pyrazine Horikoshi and Hidaka, 2001 
Polyvinyl alcohol Chen et al” 2001 
Salicyclic acid Davydov et al., 2001 
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Figure 1.1 Creation of electron-hole-pairs in illuminated TiO�，and subsequent 
photocatalytic redox reactions (Serpone et al., 1993). 
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(Equation 2), water molecule (H2O) (Equation 3) or hydroxide anion (OH ) 
(Equation 4) (Ireland et al., 1995; Ferry and Glaze, 1998; Vidal, 1998; Hei, 1999; 
Huang and Hong, 2000; Bessa et al 2001; Chan et al., 2001; Davydov et al., 2001; 
Doong et al” 2001; Galindo et al., 2001; Konstantinou et al” 2001; Muneer et al., 
2001; Zhang et al,, 2001). Alternatively, the photogenerated electron can be 
captured by oxygen (O2) (Equation 5 or 6) or hydrogen peroxide (H2O2) (Equation 7 
or 8) adsorbed onto the surface of the particle, and resulting the formation of 
superoxide radical anion (•O2'), hydrogen peroxide (H2O2)，or a hydroxyl radical 
(•OH) (Vidal, 1998; Franke and Franke, 1999; Hei, 1999; Huang and Hong, 2000; 
Modise et al., 2000; Bessa et al., 2001; Chan et al., 2001; Davydov et al., 2001; 
Doong et al” 2001; Galindo et al., 2001; Konstantinou et al., 2001; Muneer et al., 
2001; Zhang et al., 2001). Subsequent chemical reactions (Equations 9 - 14) by 
any of these species can induce oxidative degradation and generate more •OH. The 
oxidation potentials of •OH (2.80 V) produced by this method are much higher than 
many materials that are commonly used for disinfections of water, including ozone 
(2.07 V)，hydrogen peroxide (1.77 V), hypochlorous acid (1.49 V) and chlorine (1.39 
V) (Bull and Zeff，1992). These surface-bound •OH were believed to be the major 
and powerful oxidizing agent responsible for the ultimate mineralization of various 
classes of organics such as halogenated aromatics/aliphatics, surfactants, pesticides 
and herbicides to carbon dioxide (Serpone et al” 1993，1994; Herrera-Meli^ et al； 
2000; Leng et al.，2000; Konstantinou et al., 2001; San et al., 2001). Besides the 
oxidation initiated by hydroxyl radicals, superoxide radical anions, and the hole, 
organics can be directly reduced by excited electron (Micic et al., 1993; 
Schwitzgebel et al.’ 1995; Franke and Franke, 1999). 
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Equations 
T i 0 2 + h v - > h+(surface) + e-(surface) � 
h+(surface) + ^(adsorbed) — •R+(adsorbed) ( 2 ) 
h (surface) + H20(adsorbed) — •OH(adsorbed) + H 十 (3) 
h+(surface) + O H (adsorbed) — •OH(adsorbed) � 
e (surface) + 02(adsorbed) — • O ? (adsorbed) ( 5 ) 
2e"(surface) + 02(adsorbed) + 2 H + —> H202(adsorbed) ( 6 ) 
©"(surface) + H202(adsorbed) — •OH(adsorbed) + O H (adsorbed) ( 7 ) 
2e"(surface) + H202(adsorbed) + 2 H + 2H20(adsorbed) ( 8 ) 
2 * 0 2 (adsorbed) + 2H20(adsorbed) — 2 0 H (adsorbed) + 2®OH(adsorbed) + 02(adsorbed) ( 9 ) 
• • 2 (adsorbed) + — • O 2 H (adsorbed) ( 1 0 ) 
• O 2 H (adsorbed) + • O 2 H (adsorbed) H202(adsorbed) + 02(adsorbed) ( 1 1 ) 
• O 2 (adsorbed) + • O 2 H (adsorbed) — H O 2 (adsorbed) + 02(adsorbed) ( 1 2 ) 
H O 2 (adsorbed) + H + - > H2O2(adsorbed) ( 1 3 ) 
H202(adsorbed) + • O : (adsorbed) — •OH(adsorbed) + O H (adsorbed) + 02(adsorbed) ( 1 4 ) 
The photocatalysts commonly used are TiOz, ZnO, WO3, CdS, ZnS，SrTiOs, SnCb 
and Fe203 (Bessa et al” 2001). Titanium dioxide (TiO�) was frequently reported as 
the most active in organic degradation experiments when comparing with other 
catalysts (Herrmann et al., 1983; Bahnemann, 1994; Davis, 1994). Titanium 
dioxide exists in three crystalline forms: anatase, rutile, and brookite. Anatase and 
rutile are the most common forms. Both forms are photo-oxidation reactions. The 
bandgap energies are approximately 3.2 eV for anatase and 3.0 eV for rutile but the 
driving force for oxidative processes are similar (Matthews, 1991; Peterson et al., 
1991; Cao et al., 1999; Alaton and Balcioglu, 2001; Galindo et al., 2001). As Ti02 
is a wide band gap (3.2 eV) semi-conductor, only light below 386 nm is absorbed 
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and capable of forming electron-hole-pairs (Bahnemann, 1994; Chen et al., 1999; 
Hei, 1999; Konstantinou et al.’ 2001; Senogles et al., 2001). In water treatment 
process involving semi-conductors, non-toxic and insolubility, both in dark and 
under illumination, are important considerations (Matthews, 1991; Hei, 1999; Chen 
et al., 2001). Titanium dioxide satisfies all these requirements. Besides, Ti02 is 
relatively inexpensive, reusable and with high adaptability to different designed 
reactors (Hei, 1999; Malato et al” 2000; Bessa et al,, 2001; Chen et al., 2001; San et 
al” 2001). Moreover, TiO� is stable in aqueous solutions containing highly reactive 
and/or toxic chemicals, and it is resistant to photocorrosion under UV irradiation 
(Bahnemann, 1994; Hei, 1999; Alaton and Balcioglu, 2001; Bessa et al., 2001; Chen 
et al., 2001). Another advantage of TiO? over other catalysts is that the efficiency 
of Ti02-photocatalysis processes is less affected by the light-absorbing 
characteristics of the pollutants (Braun and Oliveros, 1997). Therefore, Ti02 can be 
applied in the wastewater treatments for a broad range of pollutants. 
Ultra-violet light is the major energy source of PCO. It plays a critical role in the 
formation of •OH. Some organic molecules such as chloroform or methylene 
chloride will react more rapidly with •OH if they are partially oxidized to 
formaldehyde or formic acid by direct absorption of UV light (Buxton et al., 1988). 
The amount of energy absorbed by the compounds and by oxidants is related to the 
intensity of the UV light, the absorbance coefficiency, contaminant and oxidant 
concentrations and pathlength (Yao and Mill, 1994). Therefore, oxidation times can 
be greatly reduced by increasing the intensity of UV light, using longer pathlength, 
and high concentration of oxidants. However, if the formation rate of •OH is too 
fast, some energy may be wasted by recombination reactions (Equation 15) (Yao and 
Mill, 1994). 
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• O H (adsorbed) + • O H (adsorbed) H202(adsorbed) ( 1 5 ) 
Besides the Ti02 and UV light, the presence of O2 is essential for the PCO of organic 
compounds. Since the electron transfer reaction was very often the rate-limiting 
step in PCO, electron acceptors such as oxygen and hydrogen peroxide were 
important to improve the reaction by reducing electron-hole-pairs recombination 
(Munner et al,, 2001; Yamazaki et al., 2001). Adsorbed O2 traps excited electron 
and result in delaying electron-hole combination (Equations 5 and 6) (Hei, 1999; 
Muneer et al., 2001). Oxygen may also be required to oxidize the elements to their 
highest oxidation number (Bahnemann et al., 1994). Moreover, Wang and Hong 
(2000) reported that molecular O2 played a key role in cleaving aromatic rings. 
Hydrogen peroxide is a very commonly used chemical and in low price (Malato et 
al.’ 2000). Like O2, H2O2 can scavenge excited electrons and be reduced either to 
hydroxyl radical or water (Equations 7 and 8) (Chen et al” 2001; Muneer et al., 
2001). Both of these pathways decrease the rate of electron-hole recombination, 
thus increase the steady-state hole concentration which in turn increases the rate of 
organic degradation (Muneer et al., 2001). Besides such indirect effect, addition of 
H2O2 is believed to be a secondary or homogeneous source of •OH through Equation 
16 (Wolfrum and Ollis, 1994; Leng et al., 2000; Wang and Hong, 2000; Chen et al., 
2001). 
H202 + hv -> 2 •OH (16) 
1.5 Summary 
Polycyclic aromatic hydrocarbons are a large group of persistent pollutants that pose 
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adverse effects to living organisms. Even most of them are not acutely toxic, they 
are still in great concern due to the potential mutagenic and carcinogenic effects. 
Many areas, including Hong Kong, have been contaminated with these toxicants. It 
is urge to find a way to due with this problem before coming to harm of it. 
Although the three treatment methods introduced in previous sections are widely 
applied for PAH treatment today, there are limitations and disadvantages in each 
technique. For instance, incineration can partially decompose PAHs, but generates 
toxic air pollutants (e.g. dioxin) (Lippmann, 1992). Activated carbon adsorption 
only involves phase transfer of PAHs but without decomposition (Juan, 1984). 
Chemical oxidation is unable to mineralize all organic substances and is only 
economically suitable for removing high concentrations of PAHs (Moza et al.’ 1988). 
For biological treatment, the slow reaction rates, disposal of activated sludges and 
control of proper pH and temperature are the drawbacks to be considered (Dom, 
1988; Haggblom, 1988). 
In order to find a faster and more complete way for PAHs treatment, the current 
strategy has moved from phase transfer to chemical destruction by the methods such 
as AOPs. Generally, this chemical process involves generation of reactive •OH for 
non-selective mineralization of organic compounds to harmless products (Shen and 
Ku, 1995; Vidal, 1998). The photocatalytic oxidation (PCO) process using Ti02 as 
a semi-conductor catalyst under UV light has great potential in wastewater treatment. 
There are several advantages of using PCO process. Firstly, some organic 
pollutants can be completely degraded or mineralized to harmless compounds in 
hours (Ollis et al., 1989). Moreover, PCO is applicable to wastewater treatments 
with pollutants in ^g/1 level (Ollis et al” 1989; Vidal, 1998). Most important, PCO 
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requires only ambient temperature and ambient pressure conditions, which can 
largely lower the operational cost (Ollis et al., 1989; Malato et al., 2000). 
Therefore, PCO is believed to be a good alternative to the conventional water 




In this study, five selected PAHs including naphthalene (two-ring), anthracene 
(three-ring), chrysene (four-ring), benzo(a)pyrene (five-ring), and 
benzo(g,h,i)perylene (six-ring) were degraded by PCO system separately. 
Different physico-chemical conditions, including TiO] concentration, UV intensity, 
initial pH value, initial H2O2 concentration, and initial PAH concentration, were 
optimized for PCO treatment of individual PAH. The optimal conditions were 
determined so that the highest PAH removal efficiencies were obtained without 
wasting energy and time for PCO. Based on the results obtained, relationship 
between the structure of PAHs (number of aromatic ring) and the optimized 
parameters would be investigated. 
Microtox® test and Mutatox® test were used to monitor the change of acute toxicity 
and genotoxicity of PAH and its degradation product(s) during PCO. The purpose 
of these tests was to investigate the detoxification ability of PCO. Moreover, in 
order to confirm the mineralization of PAHs by using PCO, total organic carbon 
(TOC) analysis was performed. As a result, any relationship between the 
detoxification and the mineralization processes during PCO could be investigated. 
Finally，the intermediates and/or degradation products formed during PCO were 
identified. These results were used to propose some possible degradation pathways 
of PAHs in PCO. 
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3. Materials and Methods 
3.1 Chemicals 
Naphthalene (99% pure) and anthracene (96% pure) were obtained from BDH 
Chemical Limited (Poole, England) and Merck (Schuchardt, Germany). Chrysene 
(95% pure), benzo(a)pyrene (98% pure) and benzo(g,h,i)perylene (97% pure) were 
purchased from Sigma Chemical Corporation (St. Louis, USA). Stock solutions 
(1,000 mg/1) were prepared in acetone of HPLC grade from Mallinckrodt Baker 
Incorporation (Paris, USA). All stock solutions were kept in dark at 4°C before 
use. The reaction solutions were done by adding a proper volume of stock 
solutions into ultra-pure water treated by a Millipore Milli-Q System (Millipore 
Corporation, Bedford, USA). And the pH of the solution was adjusted by adding 5 
N sodium hydroxide (BDH Chemical Limited, Poole, England), 5 N hydrochloric 
acid (Ajax Chemical Limited, Aubom, Australia) or 5 N nitric acid (Riedel-de Haen 
Corporation, Seeize, Germany) solutions. 
The Degussa P25 grade TiCb (Figure 3.1) is mostly anatase in crystalline form 
(anatase/rutile (w/w) = 80/20) and has a primary particle size of 30 nm, a surface 
area about 50 m^/g, and a band gap of 3.2 eV (Hei, 1999; Vidal, 1998; Wang and 
Hong, 2000). It was a gift from Degussa Corporation (Frankfurt, Germany) and 
was used as the photocatalyst in the PCO without further treatment. The stock 
solution (10,000 mg/1) was prepared with ultra-pure water and kept in dark at 25�C. 
Hydrogen peroxide (35% pure), which was used as additional substrate in PCO, was 
purchased from Riedel-de Haen Corporation (Seeize, Germany). Dichloromethane 
and hexane of HPLC grade were purchased from Mallinckrodt Baker Incorporation 
(Paris, USA) and used in liquid-liquid extraction process. 
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Figure 3.1 Appearance of Degussa P25 Ti02. 
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3.2 Photocatalytic reactor 
A pyrex column with 50 cm length, one mm thick glass wall and two cm internal 
diameter (i.d.) was placed at the center of photocatalytic reactor (Figure 3.2). 
Totally eight 15-watts Cole Parmer® UV lamps (Cole-Parmer International, Vernon 
Hills, USA) with the maximum emission at 365 nm (Ireland et al., 1995; 
Schwitzgebel et al” 1995; Wang et al., 1999，2000a; Chen et al., 2001) were placed 
around the column in order to provide an even irradiation to the central reaction 
mixture inside. The eight UV lamps were connected to a control panel with 
individual switch separately so that the intensity of UV irradiation can be adjusted 
easily. A stainless steel cylinder was used to cover the whole reactor. This device 
can prevent any leakage of UV light and better utilize the light energy due to internal 
reflection of UV light. During the PCO process, air was continuously pumped into 
the reaction suspension from the bottom of the column for better mixing and aeration 
of the mixture. A cooling fan (EH5741, National, Osaka, Japan) was mounted on 
the top of the stainless steel cylinder to prevent the reactor from overheating. 
3.3 Determination of PAHs concentrations 
Quantifying the PAHs in reaction suspension was the key step in this study. 
Different length of extraction time and two HPLC grade extraction solvents, 
including dichloromethane (DCM) and hexane, were used to find out the optimum 
extraction method with the highest extraction efficiency and minimum labor cost. 
The optimized extraction procedure was described below. 
3.3.1 Extraction of PAHs 
The sample (5.0 ml) was firstly acidified to pH 3 by using 5 N HCl and then 5.0 ml 
of hexane was added to extract PAHs from the sample in 50 ml polypropylene tube 
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Figure 3.2 The (a and b) side views and (c) top view of a photocatalytic reactor. 
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(Elkay, Tyco Healthcare Group, U.S.A). The mixture was then shaken vigorously 
at 360 rpm in dark at 25�C for 2 hrs (Figure 3.3). The mixture was kept steady 
until the aqueous and organic phases were separated. The aqueous phase was then 
discarded and the organic phase was concentrated to nearly dryness with gentle 
steam of nitrogen gas by an Organomation N-Evap nitrogen evaporator (Associates 
Incorporation, Berlin, USA) at 30 °C (Figure 3.4). Then, the residue was 
redissolved in 500 |il acetone, filtered through a 0.45 )Lim PTFE membrane (Pall 
Gelman Laboratory, Ann Arbor, USA) and transferred to a 1.5 ml amber vial with 
screw cap (Agilent, Woodinville, England). The sample vial was kept in dark at 
4�C until further analysis. 
3.3.2 Quant祖cation of PAHs 
The method for quantification of PAHs was modified from Wong and Wang (2001). 
Sample extracts containing PAHs were quantified using a HP6890 Series gas 
chromatography (GC) (Hewlett Packard Corporation, Palo Alto, USA) equipped 
with a flame ionization detector (FID) (Figure 3.5). The capillary column used was 
HP-1 column with 100% methyl siloxane, 30 m x 0.32 mm (i.d.)，coated with 0.25 
jam film). The GC was interfaced and programmed with a HP ChemStation 
software (Hewlett Packard Corporation, Palo Alto, USA). Splitless (2.0 i^l) 
injection was carried out by a HP6890 Series auto-injector (Hewlett Packard 
Corporation, Palo Alto, USA). The injection temperature was 280°C. After an 
isothermal period of 1.5 min at 60�C, the oven temperature was increased to 300�C 
at a rate of 8°C /min and held at 300°C for 10 min. The temperature of the GC-FID 
interface was 300�C. The detailed operating condition of GC-FID analysis was 
tabulated in Table 3.1. Quantification was based on the corresponding calibration 
curves obtained from standard solutions. 
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Figure 3.3 The Edmund Biihler KS-15shaker (Johanna Otto Gmbh, Sicherung, 




Figure 3.4 An Organomation N-Evap nitrogen evaporator (Associates 
Incorporation, Berlin, USA). 
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Figure 3.5 A HP6890 gas chromatography (GC) with a flame ionization detector 
(FID) (Hewlett Packard Corporation, Palo Alto, USA). 
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Table 3.1 Operation conditions of GC-FID analysis. 
Parameters GC-FID conditions 
Injection temperature 280�C 
Injection mode Splitless 
Oven temperature Hold at 60�C for 1.5 min 
Increase to 3001： by 8°C/min 
Hold at 300°C for 10 min  
Column HP-1 column with 100% methyl siloxane, 
30 m X 0.32 mm (i.d.)，coated with 0.25 jam  ^  
Column flowrate 2 ml/min 
Column pressure 68.4 kPa 
Interface temperature 300�C 
Carrier gas Helium 
Detector Flame Ionization Detector 
Heater |250°C —  
Hydrogen flow 40 ml/min  
Air flow 450 ml/min 
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3.4 Optimization of physico-chemical conditions for PCO 
The photoreactor was operated in batch mode. During the experiment, 5.0 ml 
reaction suspension was withdrawn from the column before and after the selected 
time interval(s) of PCO. And all experiments in this section were performed in 
triplicate. Control experiments were done by UV irradiation and UV irradiation 
with H2O2 addition. In addition, using aluminum foil to wrap the column 
containing reaction mixture was included as a dark control. The initial 
concentration (Co) and final concentration (Cf) of PAHs was then determined by the 
method mentioned in Section 3.3. The removal efficiency (RE, %) can be 
calculated by the Equation 17. Moreover, the data of the experiments in this 
section were analyzed by one way ANOVA followed by Tukey test (p <0.05). 
R E (0/0) = [ ( C o - C f ) / C o ] X 1 0 0 % ( 1 7 ) 
3.4.1 Determination of the reaction time for optimization of PCO 
Before the optimization, each of the five PAHs would undergo the PCO under 
preliminary conditions. Ten mg/1 of PAH was degraded in the presence of 100 mg/1 
of Ti02 and 5 mM of H2O2, with initial pH value equal to 5.8 (non-adjusted pH of 
the Milli-Q water) and under 1.2 mW/cm^ (60-watts，i.e. 4 UV lamps) of UV. The 
reaction suspension was firstly mixed well in a 100 ml volumetric flask and then 
ultrasonicated for 10 seconds. The purpose of ultrasonication was to make a better 
suspension of TiCh in the reaction mixture (Davydov et al” 2001; Doong et al” 2001; 
Horikoshi and Hidaka, 2001). The suspension was then transferred to the pyrex 
column and 5.0 ml of mixture was sampled for the initial PAH concentration 
measurement. Then, the column was placed into the center of the reactor and 
started PCO process. Aliquots (5 ml) of reaction suspension were sampled for PAH 
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measurement at regular time intervals during the PCO process. The changes of RE 
during the PCO of individual PAH were obtained by comparing the initial 
concentration and concentration of PAH at different sampling times. The time 
point which showed around 70% of RE was selected for the optimization section 
below since it provided rooms for fluctuation of RE during the optimization process. 
This will be further discussed in Section 5.3.1. 
3.4.2 Effect of titanium dioxide (TiOi) concentration and light intensity 
Effects of Ti02 concentration and light intensity on PCO of the PAH (10 mg/1) were 
determined by using different concentrations of TiCb (0，25 (for naphthalene, 
anthracene and chrysene only), 50，100，150，200，250 and 300 mg/1) under different 
UV intensities (0.6，1.2, 1.8 and 2.4 mW/cm^). The concentration of H2O2 used 
was fixed to 5 mM and the initial pH value was equal to 5.8, respectively. And the 
reaction time of each PAH was referred to the results obtained above. The 
combination of TiO! concentration and light intensity which showed the highest RE 
was determined to be optimal and fixed for the following experiments. 
3.4.3 Effect of initial pH and hydrogen peroxide (H2O2) concentration 
The initial pH of reaction suspension was adjusted to 2.7，3.9，5.8, 7.2, 9.2 and 11.2 
respectively by using proper volumes of HCl, HNO3 or NaOH solutions. Two acids 
were used respectively since they exerted different effects on RE. The 
concentration of H2O2 was fixed as 5 mM. The reaction time, concentration of 
Ti02，and UV intensity used were based on the results obtained in Section 3.4.2. 
Effects of H2O2 concentration were investigated by adding 0，25, 50, 100，200，400 
and 800 i^l of 35% H2O2 to reaction suspension. Hence, the final H2O2 
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concentration of the reaction suspension would be 0, 2.5，5, 10，20, 40 and 80 mM 
respectively. Other parameters for PCO were used according to the results obtained 
in Sections 3.4.2 and 3.4.3. 
3.4.4 Effect of initial PAHs concentration 
After the determination of optimal conditions for PCO of each PAH (10 mg/1), two 
different concentrations (5 and 20 mg/1) of individual PAH were used to study the 
effects of initial PAHs concentrations to the optimized PCO process. Aliquots (5.0 
ml) of reaction suspension were withdrawn for PAH measurement in the time 
intervals corresponding to Section 3.4.1. As a result, the change of RE during the 
optimized PCO for each of PAH was obtained. 
3.5 Toxicity analysis 
Microtox® test and Mutatox® test were used to measure the toxicity change during 
the optimized PCO process for each PAH. For Microtox® test，samples were 
withdrawn in 2 hr intervals during the PCO process until the sample showed 
non-detectable toxicity detected by Microtox® test. For Mutatox® test, samples 
were taken before the PCO and the time point that showed non-detectable toxicity 
detected by Microtox® test. 
3.5.1 Microtox® test for acute toxicity 
Microtox® test is a rapid and commercially available test. This is relatively 
sensitive to many common aquatic contaminants and has been used to assess the 
toxicity of a variety of aqueous samples including surface waters and different types 
of sediment extracts (Ankley et al” 1989). The assay is based on the reduction of 
bioluminescence output of the marine bacterium, Vibrio fischeri NRRL B-11177 
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(formally known as Photobacterium phosphoreum), in response to the exposure of 
toxicants. A photometer is used to measure the light output of the luminescent 
bacteria after being exposed to sample. The final light output is compared with that 
of a control (reagent blank) and the difference in light output is attributed to the 
effect of the sample on the luminescence of bacteria. The relative level of light loss 
is an indication of metabolic inhibition to the bacteria within minutes and this is the 
end point of the acute toxicity of tested sample on the bacteria. 
The test was performed with a Microbics M500 Microtox® Analyser (AZUR 
Environmental, Carlsbad, USA) (Figure 3.6) following the basic or 100% test 
procedures outlined in Microtox® Manual (AZUR Environmental, 1998a). The 
microbial reagents (freeze-dried NRRL B-11177 cells), reconstitution solutions, 
osmotic adjustment solution (OAS), diluent and cuvettes used in the test were 
purchased from AZUR Environmental (Carlsbad, USA). 
Aliquots (10 ml) of reaction suspension were filtered through glass microfibre filters 
(GF-C, Whatman International Ltd., Maidstone, England) to remove the TiO? 
powders in reaction suspension. Then the pH of the filtrate was adjusted to 6.0 
using NaOH and the salinity was adjusted to approximately 2% NaCl by OAS. The 
frozen bacteria were hydrated with reconstitution solution and then exposed in 
duplicate to five dilutions (45.5, 22.8, 11.4, 5.7 and 2.9%) of test sample. Dilutions 
were incubated at 15°C for 5 and 15 min before reading the light emitted. EC50 
values (effective concentration that reduce bioluminescence by 50 percent) of the 
tested sample were calculated and reported by the Microtox® Data Capture and 
Reporting Program Version 7.82 MTX7 (Microbic Corporation, Carlsbad, USA). 
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Figure 3.6 A Microbics M500 Microtox® analyser (AZUR Environmental, 
Carlsbad, USA). 
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3.5.2 Mutatox® test for genotoxicity 
Mutatox® Genotoxicity Test System uses a special dark mutant of luminescent 
bacteria {Vibrio fischeri,^Xxdim Ml69) to detect the presence of genotoxic compounds. 
Light production is restored in this strain when cells are grown in the presence of 
sub-acute concentrations of genotoxic agents including DNA synthesis inhibitors, 
DNA damaging agents, DNA intercalating agents, and direct mutagens that either 
cause base substitution or frameshift (AZUR Environmental, 1998b). Therefore, 
the light increase after incubation can indicate the relative genotoxicity of the test 
sample. 
The Mutatox® test kit (AZUR Environmental, Carlsbad, USA) comprises the 
microbial reagent (freeze-dried Vibrio fischeri Ml69 cells), dried culture media with 
(Mutatox® S-9 medium) and without rat-liver microsomal enzymes S-9 (Mutatox® 
medium), and a photometer (Microbics M500 Microtox® Analyser specially set to 
the mode for Mutatox® test) together with the Mutatox® Data Capture and Reporting 
Program Version 3.3 MUTX (AZUR Environmental, Carlsbad, USA). The test 
procedures were outlined in the Mutatox® Manual (AZUR Environmental, 1998b). 
Aliquots (30 ml) of reaction suspension were filtered through glass microfibre filters 
(GF-C，Whatman International Ltd., Maidstone, England) to remove the TiO] in 
reaction suspension. Then the pH of the filtrate was adjusted to 6.7 using NaOH. 
The frozen Mutatox® cells were hydrated with reconstitution solution and then 
exposed to dilutions of test sample made in Mutatox® S-9 medium and Mutatox® 
medium respectively. Hydrated cells were inoculated to each set of test sample 
dilutions, negative and positive controls. Inoculated samples and controls in 
Mutatox® S-9 medium were preincubated in a water bath at 35°C for 45 min，and 
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then all samples were incubated at 27°C water bath for 12 to 24 hours. Light 
readings were taken after 12，16，20 and 24 hours using the modified Microbics 
M500 Microtox® Analyser (Figure 3.6). According to the test manual, suspected 
genotoxic agents are defined as those samples that induce light levels to at least two 
times over the average media control and two times the appropriate solvent control 
light reading in at least two consecutive sample dilutions. 
3.6 Determination of total organic carbon (TOC) removal m optimized PCO 
A hundred ml of 10 mg/1 PAH was undergone optimized PCO process. Six-ml 
sample of reaction suspension was taken at 2 hr intervals in accordance with the 
Microtox® test results, and filtered through a glass microfibre filter (GF-C, Whatman 
International Ltd., Maidstone, England) to remove the TiO] practicles. TOC in 
sample was determined by a total organic carbon analyzer TOC-5000/5050 
(Shimadzu Corporation, Kyoto, Japan) (Figure 3.7) by following the protocol of 
Instruction Manual (Shimadzu Corporation, 1995). Quantification of TOC was 
performed in duplicate and based on an external standard and calculated by using a 
corresponding calibration curve automatically. 
3.7 Determination of degradation pathways 
After the analysis on toxicity change during and after PCO process by Microtox® 
test and Mutatox® test, the possible detoxification pathways of corresponding PAHs 
were proposed. The intermediate(s) or degradation product(s), which may 
represent the toxicity of reaction solution in 2 hr intervals during PCO, were 
identified by gas chromatography (GC) with a mass selective detector (MS). The 




Figure 3.7 A Shimadzu TOC-5000/5050 total organic carbon analyzer (Shimadzu, 
Kyoto, Japan). 
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3.7.1 Extraction of intermediates and/or degradation products 
The sample (10.0 ml) was firstly acidified to pH 3 by using 5 N HCl, and 5.0 ml of 
hexane was added to extract organic compounds from the sample in a 50 ml glass 
tube (Kimble Glass Incorporation, New Jersey, U.S.A.). The mixture was then 
shaken vigorously at 360 rpm for 1 hr under dark. The mixture was kept steady 
until the aqueous and organic phases were separated. The aqueous phase was then 
transferred to another 50 ml glass tube and the pH was adjusted to above 12 by using 
10 N NaOH. Another 5.0 ml of hexane was added and shaken for 1 hr. The 
aqueous phase was removed and discarded. The two organic fractions were mixed 
and concentrated to nearly dryness with gentle steam of nitrogen gas by an 
Organomation N-Evap nitrogen evaporator (Associates Incorporation, Berlin, USA) 
at 30°C. Then, the residue was redissolved in 500 |al acetone, filtered through a 
0.45 |am PTFE membrane (Pall Gelman Laboratory, Ann Arbor, USA), and 
transferred into a 1.5 ml amber vial with screw cap (Agilent, Woodinville, England). 
The sample vial was kept in dark at 4�C until further analysis. 
3.7.2 Identification of intermediates and/or degradation products 
Identification of intermediates and oxidation products in the sample extracts were 
performed using a HP6890N GC (Agilent Technologies, Palo Alto, USA) with a 
capillary column (HP-5MS column with 5% cross-linked phenyl methyl silicone, 30 
m X 0.25 mm (i.d.), coated with 0.25 ^m film). The GC was connected to a 5973N 
mass selective detector (MS) (Figure 3.8) and programmed with the HP 
ChemStation software version A.8.03 (Agilent Technologies, Palo Alto, USA). 
Splitless (2.0 |Lil) injection was carried out by using a HP7683 Series auto-injector 
(Agilent Technologies, Palo Alto, USA). The solvent delay was set at 3 min and 
scan range from 40 to 400 atomic mass unit (amu) at 2.08 scans/s. The injector 
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Figure 3.8 A HP6890N GC with a 5973N mass selective detector (Agilent 
Technologies, Palo Alto, USA). 
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temperature was 280°C. The oven temperature was set from 50°C (hold for 1.0 
min) to 300°C (hold for 5 min) at a rate of 5°C/min. The temperature of the 
GC-MS interface was 300�C. The detailed operating condition of GC-MS analysis 
was tabulated in Table 3.2 (Zeng et al., 2000a). The NIST98 MS library (Agilent 
Technologies, Palo Alto, USA) was used for species identification as a reference to 
mass spectral and retention time characteristics. 
V 
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Table 3.2 Operation conditions of GC-MS analysis. 
Parameters GC-MS conditions 
Injection temperature 280�C 
Injection mode Splitless 
Oven temperature Hold at 50�C for 1.0 min 
Increase to 300�C by 5°C/min 
Hold at 300°C for 5 min 
Column HP-5MS column with 5% cross-linked 
phenyl methyl silicone, 30 m x 0.25 mm 
(i.d.), coated with 0.25 |im film 
Column flowrate 1.2 ml/min 
Column pressure 68.1 kPa 
Interface temperature 300�C 
Carrier gas Helium 
Detector Mass Selective Detector 
Mass range 40.00 - 400.00 a.m.u. 
Scan speed 2.08 scan/sec 
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4. Results 
4.1 Determination of PAHs concentrations 
Correlations between peak areas (determined by GC-FID) and PAH concentrations 
was determined. The standard curves (Figures 4.1 - 4.5) of the five PAHs show that 
there were linear correlations between peak areas obtained from GC-FID 
measurement and corresponding PAH concentrations respectively. The r^  values of 
the regression lines ranging from 0.9977 to 0.9999 illustrate that the peak areas have 
linear relationship to the corresponding PAH concentrations. The PAH contents in 
samples were quantified by GC-FID measurement. 
4.2 Optimization of extraction method 
Table 4.1 summarizes the extraction efficiencies of PAHs by using different solvents 
and shaking times. Generally, all five PAHs could be better extracted by hexane 
than DCM. The extraction efficiencies were higher when using hexane with 2 hrs 
shaking. Moreover, except naphthalene, the extraction efficiencies of other four 
PAHs could reach about 90%. Therefore, in the rest of experiments, the PAHs in 
aqueous samples were extracted by hexane with 2 hrs shaking time. 
4.3 Optimization of physico-chemical conditions for PCO 
4.3.1 Determination of the reaction time for optimization of PCO 
The change of RE during the PCO of naphthalene under preliminary conditions was 
shown in Figure 4.6. Samples were taken at 0，2, 3，5, 7 and 10 min of reaction for 
measurement of the residual concentrations of naphthalene. The RE increased 
gradually over time and a curve with slight S-shape was observed. After 7 min of 
PCO process, the average RE was 72.18%. This was then chosen as the time point 
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Figure 4.1 Standard curve of GC peak area and concentrations of naphthalene. 
Data point represents the mean and error bar represents the standard deviation of 
duplicates. 
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Figure 4.2 Standard curve of GC peak area and concentrations of anthracene. 
Data point represents the mean and error bar represents the standard deviation of 
duplicates. 
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Figure 4.3 Standard curve of GC peak area and concentrations of chrysene. Data 
point represents the mean and error bar represents the standard deviation of 
duplicates. 
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Figure 4.4 Standard curve of GC peak area and concentrations of benzo(a)pyrene. 
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Figure 4.5 Standard curve of GC peak area and concentrations of 
benzo(g,h,i)perylene. Data point represents the mean and error bar represents the 
standard deviation of duplicates. 
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Table 4.1 The extraction efficiencies of PAHs by using different solvents and 
shaking time. 
PAHs Extraction Efficiency (%) 
Dichloromethane (DCM) Hexane 
1 hr shaking 2 hrs shaking 1 hr shaking 2 hrs shaking 
Naphthalene 42.86 士 5.10*廿 52.72 土 0.61� 65.10 士 O.llb 70.61 士 O.SCf 
Anthracene 57.85 士 64.40 ±2 .18� 85.02 士 92.24 ± 0.08a 
Chrysene 63.68 士 75.75 士 14.04a，b 88.65 士 4.49" 89.62 ±4.3(f 
Benzo(a)pyrene 54.25 士 0.47e 7 6 . 2 1 士 8 . 2 5 ^ 83.39 士 9 3 . 7 2 士 1.02a 
Benzo(g,h,i)perylene 80.20 士 3.87� 84.43 士 8 3 . 4 7 士 0.31匕，。90.72 ± 2.03a 
*Data represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical in row (One way 
ANOVA with Tukey test, p<0.05). 
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Figure 4.6 Effect of irradiation time on the RE in the PCO of naphthalene under 
preliminary conditions. Experimental conditions: [Naphthalene] = 10 mg/1, [TiCy 
=100 mg/1, UV intensity = 1.2 m W W , pH = 5.8, [H2O2] = 5 mM, and with 200 
cmVmin aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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for the rest of experiments. 
Figure 4.7 shows the change of RE in the PCO of anthracene under preliminary 
conditions. Samples were taken at 0，2，3，5, 7 and 10 min of reaction for 
measurement of residual concentrations of anthracene. The RE increased steadily 
and the pattern was similar to that of naphthalene showed in Figure 4.6. The 
average RE was 74.34% at the min measurement. The reaction time was fixed 
at 5 min for the rest of optimization experiments. 
The change of RE in the PCO of chrysene under preliminary conditions was shown 
in Figure 4.8. Samples were withdrawn at 0，10，20, 30，and 50 min of reaction for 
quantification of residual chrysene. The RE increased largely at the first 20 min. 
Then the RE increased gently and leveled off after 50 min of reaction. The average 
RE was 67.11% at the min and this was selected to be the time point for the rest 
of optimization experiments. 
Figure 4.9 shows the variation of RE during the PCO of benzo(a)pyrene under 
preliminary conditions. Samples were taken at 0，10，20, 30，and 50 min of reaction 
for measurement of residual concentration of benzo(a)pyrene. The RE increased 
dramatically at the first 10 min and then leveled off after 30 min of reaction. And 
after the initial 10 min of reaction, the average RE was 68.13% and this was chosen 
as the time point in the rest of experiments. 
The change of RE in the PCO of benzo(g,h,i)perylene under preliminary conditions 
was shown in Figure 4.10. Samples were taken at 0，10，20, 30，and 50 min of 
reaction for measurement of residual concentration of benzo(g,h,i)perylene. The RE 
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Figure 4.7 Effect of irradiation time on the RE in the PCO of anthracene under 
preliminary conditions. Experimental conditions: [Anthracene] = 10 mg/l, [TiO�]= 
100 mg/l, UV intensity = 1.2 mW/cm�，pH = 5.8，[H2O2] = 5 mM, and with 200 
3 • . 
cm /min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
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Figure 4.8 Effect of irradiation time on the RE in the PCO of chrysene under 
preliminary conditions. Experimental conditions: [Chrysene] = 10 mg/1, [TiO�：= 
100 mg/1, UV intensity 二 1.2 m W W , pH = 5.8, [H2O2] = 5 mM, and with 200 
cmVmin aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.9 Effect of irradiation time on the RE in the PCO of benzo(a)pyrene under 
preliminary conditions. Experimental conditions: [Benzo(a)pyrene] = 10 mg/1, 
[Ti02] = 100 mg/1, UV intensity = 1.2 mW/cm^ pH 二 5.8, [H2O2] = 5 mM, and with 
3 • . 
200 cm /min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.10 Effect of irradiation time on the RE in the PCO of benzo(g,h,i)perylene 
under preliminary conditions. Experimental conditions: [Benzo(g,h,i)perylene]= 
10 mg/1, [Ti02] = 100 mg/1, UV intensity - 1.2 mW/cm^ pH 二 5.8, [H2O2] 二 5 mM, 
and with 200 cm^/min aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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increased dramatically at the first 20 min and then leveled off after 30 min of 
reaction. And after 20 min of reaction, the average RE was 73.22% and this was 
fixed to be the reaction time for the rest of experiments. 
4.3.2 Effect of TiOi concentration and light intensity 
Under low UV intensity (0.6 mW/cm^) (Figure 4.11)，the average RE for 
naphthalene increased greatly from 9.96% at 0 mg/1 Ti02 to 44.56% at 50 mg/1 TiO�. 
Then the RE reached the highest point (47.66%) in the presence of 100 mg/1 TiO�. 
Further increase in TiO� concentration leaded the fluctuation of average RE in the 
range of 35 to 45%. There were similar pattern of the PCO of naphthalene under 
different intensities of UV (Figures 4.12 - 4.14). The effects of TiO� concentrations 
were not obvious if the concentration was higher than 100 mg/1. Based on these 
results, 100 mg/1 of TiOi was selected to be the optimal TiO� concentration for the 
PCO of naphthalene. The change of RE in the presence of 100 mg/1 TiOa under 
different intensities of UV was shown in Figure 4.15. The RE increased 
continuously when the UV intensity increased. The average RE obtained under 
maximal UV intensity (2.4 mW/cm^) (94.01%) was roughly a double to that of low _ — ) 
UV intensity (0.6 mW/cm ) (47.66%). In order to shorten the reaction time, it was 
chosen as the optimal light intensity for the PCO of naphthalene. 
For anthracene, there was an around 45% increase in average RE when the 
concentration of Ti02 changed from 0 to 50 mg/1 under low UV intensity (0.6 
mW/cm^) (Figure 4.16). Then the RE declined slowly with response to the further 
increase in TiO: concentrations. Similar pattern could be observed in Figures 4.17 
-4.19，which summarize the results of PCO under 3 different UV intensities. 
However, the improvement in the RE by the addition of Ti02 was not as obvious as 
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Figure 4.11 Effect of TiO: concentration on the RE in the PCO of naphthalene at 
low UV intensity. Experimental conditions: [Napthalene] = 10 mg/1, UV intensity 
=0.6 mW/cm^, pH = 5.8，[H2O2] — 5 mM, irradiation time = 7 min, and with 200 
cmVmin aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.12 Effect of Ti02 concentration on the RE in the PCO of naphthalene at 
medium UY intensity. Experimental conditions: [Napthalene] = 10 mg/l, UV 
intensity =1.2 mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 7 min, and 
with 200 cm /min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 




J so- . 
S 60 - / i 
<0 40 - / 
i 
0) / 
^ 2 0 . e j 
0 1 1 1 1 1 1 1  
0 50 100 150 200 250 300 350 
Concentration of TiO。(mg/1) 
Figure 4.13 Effect of Ti02 concentration on the RE in the PCO of naphthalene at 
high UV intensity. Experimental conditions: [Napthalene] = 10 mg/1, UV intensity 
=1.8 mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 7 min, and with 200 
cm^/min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.14 Effect of TiO? concentration on the RE in the PCO of naphthalene at 
maximal UY intensity. Experimental conditions: [Napthalene] = 10 mg/1, UV 
intensity 二 2.4 mW/cm^, pH = 5.8，[H2O2] = 5 mM, irradiation time = 7 min, and 
with 200 cm^/min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.15 Effect of UV intensity on the RE in the PCO of naphthalene. 
Experimental conditions: [Napthalene] = 10 mg/l, [ T i O � ]= 1 0 0 mg/l, pH = 5.8， 
[H2O2] = 5 mM, irradiation time = 7 min, and with 200 cm /min aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.16 Effect of TiO: concentration on the RE in the PCO of anthracene at 
low UV intensity. Experimental conditions: [Anthracene] = 10 mg/1, UV intensity 
=0.6 mW/cm^, pH = 5.8，[H2O2] = 5 mM, irradiation time = 5 min, and with 200 
cm /min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
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Figure 4.17 Effect of Ti02 concentration on the RE in the PCO of anthracene at 
medium UV intensity. Experimental conditions: [Anthracene] = 10 mg/l, UV 
intensity = 1.2 mW/cm，pH = 5.8, [H2O2] = 5 mM, irradiation time = 5 min, and 
with 200 cm^/min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
67 
100 -I  
a a，b 
茨 8 0 - c y ^ 
^ d / d c “ • 





E o ^ 2 0 -
0 1 1 1 1 1 1 1  
0 50 100 150 200 250 300 350 
Concentration of TiO。(mg/1) 
Figure 4.18 Effect of Ti02 concentration on the RE in the PCO of anthracene at 
high UV intensity. Experimental conditions: [Anthracene] = 10 mg/1, UY intensity 
=1.8 mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 5 min, and with 200 
cm /min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.19 Effect of Ti02 concentration on the RE in the PCO of anthracene at 
maximal UV intensity. Experimental conditions: [Anthracene] 二 10 mg/1, UV 
intensity = 2.4 mW/cm^, pH = 5.8，[H2O2] = 5 mM, irradiation time = 5 min, and 
with 200 cm /min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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under low UV intensity (0.6 mW/cm^). For example, under the maximal UV 
intensity (2.4 mW/cm^), there was only a 6% increase in RE when the TiO� 
concentration increased from 0 to 50 mg/1. Even so, in this study, the most 
important factor in selecting the optimal condition was the RE. After comparing 
the highest RE obtained under different Ti02 concentrations and intensities of UV 
irradiation, the optimal combination of these two factors, which showed 90.59% 
average RE, was using 50 mg/1 of TiOi under high UV intensity (1.8 mW/cm ). 
Moreover, the highest RE was obtained under high UV intensity (1.8 mW/cm^) when 
fixing the TiO� concentration at 50 mg/1 (Figure 4.20). 
The average RE for chrysene increased sharply from 4.64 to 66.55% when the 
concentration of Ti02 increased from 0 to 50 mg/1 under low UV intensity (0.6 
mW/cm^) (Figure 4.21). Then the RE began to drop no matter the TiO� 
concentration was further increased. Similar pattern was observed in Figures 4.22 -
4.24 that summarize the results of PCO under medium, high and maximal UV 
intensities (1.2，1.8 and 2.4 mW/cm^) respectively. However, the RE started to 
decline in the presence of 25 mg/1 Ti02 instead of 50 mg/1 showed in Figure 4.23. 
Moreover, under high UV intensity (1.8 mW/cm^), the average RE remained at 
around 75% when the concentration of TiO� changed from 25 to 150 mg/1 before 
starting to drop. After comparing the highest RE obtained in each of the four 
figures, the optimal combination of Ti02 concentration and light intensity was 
selected to be 50 mg/1 TiOz under maximal UV intensity (2.4 mW/cm^), where the 
average RE obtained was 88.66%. And when the concentration of Ti02 was fixed 
at 50 mg/L, the highest RE was obtained under maximal UV intensity (2.4 mW/cm^) 
(Figure 4.25). 
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Figure 4.20 Effect of UV intensity on the RE in the PCO of anthracene. 
Experimental conditions: [Anthracene] = 10 mg/1, [TiO� ]=50 mg/1, pH = 5.8, [H2O2； 
= 5 mM, and with 200 cm^/min aeration. Data point represents the mean and error 
bar represents the standard deviation of triplicates. Means with the same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.21 Effect of TiOi concentration on the RE in the PCO of chrysene at low 
UV intensity. Experimental conditions: [Chrysene] = 10 mg/l, UV intensity = 0.6 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 
cm^/min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.22 Effect of TiC^ concentration on the RE in the PCO of chrysene at 
medium UV intensity. Experimental conditions: [Chrysene] = 10 mg/1, UV 
intensity =1.2 mW/cm^, pH = 5.8, [H2O2] 二 5 mM, irradiation time = 20 min, and 
with 200 cmVmin aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.23 Effect of Ti02 concentration on the RE in the PCO of chrysene at high 
UV intensity. Experimental conditions: [Chrysene] = 10 mg/l, UV intensity =1.8 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 
cmVmin aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
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Figure 4.24 Effect of TiOi concentration on the RE in the PCO of chrysene at 
maximal UV intensity. Experimental conditions: [Chrysene] = 10 mg/1, UV 
intensity = 2.4 mW/cm^, pH = 5.8, [H2O2] = 5 mM, irradiation time = 20 min, and 
with 200 cm /min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.25 Effect of UV intensity on the RE in the PCO of chrysene. 
Experimental conditions: [Chrysene] = 10 mg/1, [T iO� ]=50 mg/1, pH = 5.8，[H2O2: 
= 5 mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
Means with the same letter are statistically identical (One way ANOVA with Tukey 
test, p<0.05). 
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Under low UV intensity (0.6 mW/cm^) (Figure 4.26), the average RE for 
benzo(a)pyrene increased about 25% when the concentration of TiCb increased from 
0 to 50 mg/1. Then the average RE fluctuated at around 45%, and the highest RE 
obtained in the presence of 150 mg/1 TiO�. The same result was found under 
medium and maximal UV intensities (1.2 and 2.4 mW/cm^) (Figures 4.27 and 4.29), 
but it was not the case when the UV intensity was high (1.8 mW/cm^) (Figure 4.28). 
The most proper concentration of TiO� under high UV intensity (1.8 mW/cm^) was 
100 mg/1, and the average RE obtained was 80.06%. However, when comparing 
the highest RE among the four figures, the one with 150 mg/1 TiO� under maximal 
UV intensity (2.4 mW/cm^) showed the highest average RE (83.88%). Figure 4.30 
also shows that when the concentration of TiCh was fixed at 100 mg/1, the highest 
RE was obtained under maximal UV intensity (2.4 mW/cm^). Therefore, it was set 
as the optimal combination of TiO! concentration and UV intensity for the PCO of 
benzo(a)pyrene. 
For beiizo(g,h,i)perylene, under low UV intensity (0.6 mW/cm^) (Figure 4.31), when 
the concentration of TiO� increased from 0 to 100 mg/1, the average RE increased in 
about 10-folds from 5.86 to 58.54%. Then the average RE started to fluctuate and 
decline to 20.27% in the presence of 300 mg/1 of TiO�. Figures 4.32 - 4.34 show 
the effects of TiCb concentrations on the RE under different intensities of UV (1.2, 
1.8 and 2.4 mW/cm^) respectively, had the similar pattern to that of Figure 4.31. 
The highest RE under different UV intensities were obtained in the presence of 100 
mg/1 Ti02. Based on these results, 100 mg/1 of TiOi was selected to be the optimal 
Ti02 concentration for the PCO of benzo(g,h,i)perylene. Figure 4.35 summarizes 
the change of RE in the presence of 100 mg/1 TiO? under different intensities of UV 
irradiation. The results showed that there was a 20% increase in average RE when 
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Figure 4.26 Effect of TiO? concentration on the RE in the PCO of benzo(a)pyrene 
at low UV intensity. Experimental conditions: [Beiizo(a)pyrene] = 10 mg/1, UV 
intensity = 0.6 mW/cm^ pH 二 5.8, [H2O2] = 5 mM, irradiation time 二 10 min, and 
with 200 cm /min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.27 Effect of TiO? concentration on the RE in the PCO of benzo(a)pyrene 
at medium UV intensity. Experimental conditions: [Benzo(a)pyrene] = 10 mg/l, 
UV intensity - 1.2 mW/cm\ pH - 5.8, [H2O2] = 5 mM, irradiation time = 10 min, 
and with 200 cm^/min aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.28 Effect of TiO� concentration on the RE in the PCO of benzo(a)pyrene 
at high UV intensity. Experimental conditions: [Benzo(a)pyrene] = 10 mg/1, UV 
intensity = 1.8 mW/cm^ pH - 5.8，[H2O2] = 5 mM, irradiation time = 10 min, and 
with 200 cm^/min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.29 Effect of TiO! concentration on the RE in the PCO of benzo(a)pyrene 
at maximal UV intensity. Experimental conditions: [Benzo(a)pyrene] = 10 mg/l, 
UV intensity = 2.4 m W W , pH = 5.8，[H2O2] = 5 mM, irradiation time = 10 min, 
' J 
and with 200 cm /min aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
81 
100 1 
I 8 � - ^ ^ ^ ^ ^ 
o 60 - c ^ ^ ^ 
i t T 
LU 
15 40 • 
O 
E o 
^ 2 0 -
0 -I 1 1 1 1  
0.6 1.2 1.8 2.4 
UV Intensity (mW/cm^) 
Figure 4.30 Effect of UV intensity on the RE in the PCO of benzo(a)pyrene. 
Experimental conditions: [Benzo(a)pyrene] = 10 mg/1, [TiOi] = 150 mg/1, pH = 5.8， 
[H2O2] = 5 mM, irradiation time = 10 min, and with 200 cmVmin aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.31 Effect of TiCb concentration on the RE in the PCO of 
benzo(g,h,i)perylene at low UV intensity. Experimental conditions: 
[Benzo(g,h,i)perylene] = 10 mg/1, UV intensity = 0.6 mW/cm^ pH - 5.8, [H2O2] = 5 
mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
Means with the same letter are statistically identical (One way ANOVA with Tukey 
test, p<0.05). 
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Figure 4.32 Effect of TiOi concentration on the RE in the PCO of 
benzo(g,h,i)perylene at medium UV intensity. Experimental conditions: 
[Beiizo(g,h,i)perylene] - 10 mg/1, UV intensity = 12 mW/cm^ pH 二 5.8, [H2O2] 二 5 
mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
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Figure 4.33 Effect of TiOz concentration on the RE in the PCO of 
benzo(g,h,i)perylene at high UV intensity. Experimental conditions: 
[Benzo(g,h,i)perylene] = 10 mg/1, UV intensity = 1.8 mW/cm\ pH = 5.8, [H2O2] = 5 
mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
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Figure 4.34 Effect of Ti02 concentration on the RE in the PCO of 
beiizo(g,h,i)perylene at maximal UV intensity. Experimental conditions: 
[Benzo(g,h,i)perylene] = 10 mg/l, UV intensity = 2.4 mW/cm^ pH = 5.8, [H2O2] = 5 
mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
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Figure 4.35 Effect of UV intensity on the RE in the PCO of benzo(g,h,i)perylene. 
Experimental conditions: [Benzo(g,h,i)perylene] = 10 mg/1, [TiO� ]=100 mg/1, pH = 
5.8, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 cm^/min aeration. 
Data point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
87 
the UV intensity increased from 0.6 to 1.2 mW/cm^. There was no significant 
difference between the RE values under medium and high UV intensities (1.2 and 
1.8 mW/cm^). The highest average RE (89.24%) was obtained under high UV 
intensity (2.4 mW/cm ). In order to shorten the reaction time, high UV intensity 
(2.4 mW/cm^) was chosen to be the optimal UV intensity for the PCO of 
benzo(g,h,i)perylene. 
4.3.3 Effect of initial pH 
The effects of initial pH on the RE in the PCO of naphthalene were shown in Figure 
4.36. The average RE increased steadily from pH 2.7 (76.35%) to the highest point 
at pH 5.8 (94.01%). Then the average RE decreased slowly to 87.13% at pH 9.2 
and dramatically dropped to 32.37% at pH 11.2. The optimal initial pH in the PCO 
of naphthalene was determined to be 5.8 as the highest RE was obtained among the 
five pH values. Figure 4.37 shows the effect of using two different acids in pH 
adjustment on the RE. At pH 2.7, using HNO3 was not as good as using HCl and 
there was about 10% difference in the average RE obtained. However, it was not 
the case at pH 3.9. The RE was a little bit higher when using HNO3 instead of HCl, 
but the difference was not statistically significant. The effects of initial pH on the 
RE in the PCO of anthracene were shown in Figure 4.38. The average RE only 
slightly varied within the range of 85 to 95% when the initial pH changed from 2.7 
to 7.2. Then the average RE dropped steadily to 70.83% at pH 9.2 and then largely 
to 24.71% at pH 11.2. And among the five initial pH values, the relatively higher 
average RE (94.95%) was obtained when the initial pH was at 3,9. Hence, it was 
fixed as the optimal initial pH in the rest of experiments. Moreover, using different 
acids did not cause serious effect on the RE. According to Figure 4.39，the 
difference in average RE was only about 5% when using HNO3 instead of HCl in pH 
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Figure 4.36 Effect of initial pH on the RE in the PCO of naphthalene. Experimental 
conditions: [Naphthalene] = 10 mg/1, [TiCb] = 100 mg/1, UV intensity 二 2.4 mW/cm^ 
[H2O2] = 5 mM, irradiation time = 7 min, and with 200 cm /min aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.37 Effect of using HCl or HNO3 for pH adjustment on the RE in the PCO 
of naphthalene. Experimental conditions: [Naphthalene] = 10 mg/1, [T iO� ]=100 
mg/1, UV intensity = 2.4 mW/cm^, [H2O2] = 5 mM, irradiation time 二 7 min, and 
with 200 cm^/min aeration. Data point represents the mean and error bar represents 
the standard deviation of triplicates. Means with the same colored letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.38 Effect of initial pH on the RE in the PCO of anthracene. Experimental 
conditions: [Anthracene] = 10 mg/1, [TiOz] == 50 mg/1, UV intensity = 1.8 mW/cm。， 
[H2O2] = 5 mM, irradiation time = 5 min, and with 200 cmVmin aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
91 
100-. 3 
a，b • — b “ 1 a a a 
茨 8 0 -
o 
o 60 • o 
£ 
LU 
•p 40 • 
O 
E 0) ^ 20 • HCl 
HNO3 
0 -I 1 1 1 1  
2 3 4 5 6 
pH 
Figure 4.39 Effect of using HCl or HNO3 for pH adjustment on the RE in the PCO 
of anthracene. Experimental conditions: [Anthracene] = 10 mg/1, [TiO�]二 50 mg/1, 
UV intensity = 1.8 mW/cm^, [H2O2] = 5 mM, irradiation time = 5 min, and with 200 
cmVmin aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same colored letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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adjustment at pH 3.9 experiments. There was no difference in using two different 
acids respectively in the experiments with initial pH 2.7. 
The effects of initial pH on the RE in the PCO of chrysene were shown in Figure 
4.40. The average RE fluctuated between 85 and 90% when the initial pH changed 
from 2.7 to 5.8. Then the average RE decreased steadily from 88.66 (pH 5.8) to 
68.83% (pH 9.2), and then decreased dramatically to 13.70% at pH 11.2. With 
initial pH 5.8, the RE was apparently higher among the five different initial pH 
values. Therefore, it was selected to be the optimal pH in the PCO of chrysene. 
Moreover, according to Figure 4.41，it was found that using HNO3 in pH adjustment 
increased the RE values when compare with using HCl. Results showed that using 
HNO3 could increase about 15% and 5% in average RE at pH 2.7 and 3.9 
respectively. 
The effects of initial pHs on the RE in the PCO of benzo(a)pyrene was shown in 
Figure 4.42. The average RE stayed at around 85% when the initial pH increased 
from 2.7 to 5.8. Then the average RE started to decline from 83.88 to 36.12% 
when the initial pH varied from 5.8 to 11.2. Among the five initial pH values, pH 
5.8 was determined to be the optimal initial pH in the PCO of benzo(a)pyrene as it 
showed apparently higher average RE. Moreover, it was found that using different 
acids in pH adjustment would affect the RE. According to Figure 4.43，the average 
RE at pH 2.7 and 3.9 could be increased around 20% and 10% respectively if using 
HNO3 instead of HCl in pH adjustment. 
The effects of initial pHs on the RE in the PCO of benzo(g,h,i)perylene was shown 
in Figure 4.44. The RE increased slightly when the initial pH increased from 2.7 to 
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Figure 4.40 Effect of initial pH on the RE in the PCO of chrysene. Experimental 
conditions: [Chrysene] = 10 mg/1, [ T i O � ]= 5 0 mg/1, UV intensity 二 2.4 mW/cm^, 
[H2O2] = 5 rtiM, irradiation time = 20 min, and with 200 cmVmin aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.41 Effect of using HCl or HNO3 for pH adjustment on the RE in the PCO 
of chrysene. Experimental conditions: [Chrysene] = 10 mg/1, [TiO� ]=50 mg/1, UV 
intensity = 2.4 mW/cm^, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 
cm /min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same colored letter are 
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Figure 4.42 Effect of initial pH on the RE in the PCO of benzo(a)pyrene. 
Experimental conditions: [Benzo(a)pyrene] = 10 mg/1, [TiOi] = 150 mg/1, UV 
intensity = 2.4 mW/cm^, [H2O2] 二 5 mM, irradiation time = 1 0 min, and with 200 
cm^/min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.43 Effect of using HCI or HNO3 for pH adjustment on the RE in the PCO 
of benzo(a)pyrene. Experimental conditions: [Benzo(a)pyrene] = 10 mg/1, [TiCy = 
150 mg/1, UV intensity = 2.4 mW/cm^, [H2O2] = 5 mM, irradiation time = 10 min, 
and with 200 cmVmin aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same colored letter 
are statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.44 Effect of initial pH on the RE in the PCO of benzo(g,h,i)perylene. 
Experimental conditions: [Benzo(g,h,i)perylene] = 10 mg/1, [T iO� ]=100 mg/1, UV 
intensity = 2.4 mW/cm^, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 
cm^/min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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3.9. The average RE fluctuated between 85 and 90% with no statistically difference 
when the pH varied from 3.9 to 7.2. However, when the initial pH increased to 9.2 
and 11.2, the average RE dropped dramatically to 40.47% and 12.71% respectively. 
The optimal pH was determined to be 5.8 with average RE at 89.24% as it is 
apparently higher among the five initial pH values. Additionally, it was found that 
using different acids to acidify the reaction suspensions would cause certain effects 
on RE. Figure 4.45 shows the effects of using HCl and HNO3 on the RE. At pH 
2.7, the average RE increased around 20% when HNO3 was used. While at pH 3.9， 
using HNO3 could also raise around 10% on the average RE. 
4.3.4 Effect of initial H2O2 concentration 
Figure 4.46 shows the effect of initial H2O2 concentrations on the RE in the PCO of 
naphthalene. The average RE increased largely from 34.22 to 91.64% and then 
slightly to 95.27% in the presence of 2.5 and 10 mM of H2O2. After that, the 
average RE dropped and fluctuated at around 85% when more H2O2 was added. 
Even the average RE obtained with 10 mM H2O2 was apparently higher than that 
with 5 mM H2O2 (94.01%), as there was no statistical difference between these two 
points, the optimal initial H2O2 concentration was 5 mM. Figure 4.47 shows the 
efTect of initial H2O2 concentrations on the RE in the PCO of anthracene. The 
average RE was only 46.21% in the absence of H2O2. After the addition of H2O2 
solution, the average RE rose to 90.59% (5 mM H2O2) and leveled off when the 
H2O2 concentration was higher than 5 mM. Based on the statistical test results, the 
optimal initial H2O2 concentration was 5 mM. 
Figure 4.48 shows the efTect of initial H2O2 concentrations on the RE in the PCO of 
chrysene. The average RE largely increased from 55.21 to 88.66% when the 
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Figure 4.45 Effect of using HCl or HNO3 for pH adjustment on the RE in the PCO 
of benzo(g,h,i)perylene. Experimental conditions: [TiO� ]=100 mg/1, UV intensity 
=2.4 mW/cm^, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 cm^/min 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same colored letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.46 Effect of H2O2 concentration on the RE in the PCO of naphthalene. 
Experimental conditions: [Naphthalene] = 10 mg/1, [TiOz] = 100 mg/1, UV intensity 
=2.4 mW/cm^, pH = 5.8, irradiation time = 7 min, and with 200 cm^/min aeration. 
Data point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.47 Effect of H2O2 concentration on the RE in the PCO of anthracene. 
Experimental conditions: [Anthracene] = 10 mg/1, [TiOi] = 50 mg/1, UV intensity = 
2 3 
1.8 mW/cm , pH = 4.0, irradiation time = 5 min, and with 200 cm /min aeration. 
Data point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.48 Effect of H2O2 concentration on the RE in the PCO of chrysene. 
Experimental conditions: [Chrysene] = 10 mg/1, [TiO� ]=50 mg/1, UV intensity = 2.4 
mW/cm^, pH = 5.8，irradiation time = 20 min, and with 200 cm^/min aeration. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
with Tukey test, p<0.05). 
103 
concentration of H2O2 increased from 0 to 5 mM. The average RE then fluctuated 
between 85 to 90% even the concentration of H2O2 further increased to 80 mM. 
Hence, the optimal initial H2O2 concentration was determined to be 5 mM. 
Figure 4.49 shows the effect of initial H2O2 concentrations on the RE in the PCO of 
benzo(a)pyrene. When the concentration of H2O2 increased from 0 to 5 mM, the 
average RE increased steadily from 65.54 to 83.88%. Then the average RE 
decreased slowly to 77.51% in the presence of 20 mM of H2O2. However, when 
more H2O2 was added, the average RE increased back to the range of 80 to 85%. 
After comparing the RE obtained from different concentrations of H2O2, 5 mM was 
determined to be the optimal initial H2O2 concentration in the PCO of 
benzo(a)pyrene since it was the starting point that the RE values leveled off. 
Figure 4.50 shows the effect of initial H2O2 concentrations on the RE in the PCO of 
benzo(g,h,i)perylene. The average RE increased dramatically from 31.21 to 
89.24% when the concentration of H2O2 increased from 0 to 5 mM. After the 
concentration of H2O2 was higher than 5 mM, there was no large increase in average 
RE but fluctuated around 90%. Therefore, 5 mM was chosen as the optimal initial 
H2O2 concentration in the PCO of benzo(g,h,i)perylene. 
4.3.5 Effect of initial PAHs concentration 
The effect of initial naphthalene concentrations on the RE of PCO was shown in 
Figure 4.51. At the min of PCO, the average RE for 5 mg/1 of naphthalene 
(60.30%) was obviously higher than those for 10 (46.33%) and 20 mg/1 of (38.84%). 
Then the curve for 10 mg/1 of naphthalene was getting closer and overlapped with 
the curve for 5 mg/1 after 10 min reaction. The curve for 20 mg/1 of naphthalene 
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Figure 4.49 Effect of H2O2 concentration on the RE in the PCO of benzo(a)pyrene. 
Experimental conditions: [Benzo(a)pyrene] = 10 mg/l, [TiCb] = 150 mg/l, UV 
intensity = 2.4 mW/cm , pH = 5.8，irradiation time = 1 0 min, and with 200 cm /min 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA with Tukey test, p<0.05). 
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Figure 4.50 Effect of H2O2 concentration on the RE in the PCO of 
benzo(g,h,i)perylene. Experimental conditions: [Benzo(g,h,i)perylene] = 10 mg/1, 
[Ti02] = 100 mg/1, UV intensity = 2.4 mW/cm^ pH = 5.8, irradiation time = 20 min, 
and with 200 cmVmin aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.51 Effect of initial naphthalene concentration and irradiation time on the 
RE of PCO under optimized conditions. Experimental conditions: [ T i O � ]= 1 0 0 
mg/l, UV intensity = 2.4 mW/cm^ pH = 5.8, [H2O2] 二 5mM and with 200 cmVmin 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same colored letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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also became closer to that for 10 mg/1 after showing around 20% difference in RE at 
the 5th and min of PCO. 
The effect of initial anthracene concentrations on the RE of PCO was shown in 
Figure 4.52. During the first 5 min of reaction, the average RE for 10 mg/1 of 
anthracene (93.17%) were relatively higher than those with initial concentrations of 
5 (84.14%) and 20 mg/1 (79.91%). However, after the min, the average RE for 
10 mg/1 of anthracene (95.07%) was nearly the same as that for 20 mg/1 (93.95%) 
and 5 mg/1 (93.70%), and started to level off at around 95%. 
The effect of initial chrysene concentrations on the RE of PCO was shown in Figure 
4.53. The variation of RE during the PCO of 5 and 10 mg/1 of chrysene was nearly 
the same. At the min of reaction, there was only slightly difference between 
the average RE for 5 (86.33%) and 10 mg/1 of chrysene (89.13%), while that of 20 
mg/1 was around 10% lower. After 30 min of reaction, three curves were started to 
overlap at around 90% of average RE. 
The effect of initial benzo(a)pyrene concentrations on the RE of PCO was shown in 
Figure 4.54. The three curves were getting closer and closer during the PCO 
reaction. The reaction of 10 mg/1 was faster than that of 5 mg/1, and the PCO of 20 
mg/1 ofbenzo(a)pyrene was relatively slower. For example, at the min of PCO, 
the average RE of the reaction of 10 mg/1 of benzo(a)pyrene (90.60%) was higher 
that that of 5 (78.97%) and 20 mg/1 (64.14%). 
The effect of initial benzo(g,h,i)perylene concentrations on the RE of PCO was 
shown in Figure 4.55. At the min ofPCO, the differences on the RE among 
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Figure 4.52 Effect of initial anthracene concentration and irradiation time on the 
RE of PCO under optimized conditions. Experimental conditions: [TiOi] = 50 mg/l, 
UV intensity = 1.8 mW/cm^ pH = 4.0, [H2O2] = 5mM and with 200 cmVmin 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same colored letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.53 Effect of initial chrysene concentration and irradiation time on the RE 
of PCO under optimized conditions. Experimental conditions: [ T i O � ]= 5 0 mg/1, 
UV intensity = 2.4 m W W , pH = 5.8，[H2O2] 二 5mM and with 200 cmVmin 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same colored letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.54 Effect of initial benzo(a)pyrene concentration and irradiation time on 
the RE of PCO under optimized conditions. Experimental conditions: [TiO�]=150 
mg/l, UV intensity = 2.4 mW/cm^ pH = 5.8, [H2O2] = 5mM and with 200 cmVmin 
aeration. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same colored letter are statistically 
identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.55 Effect of initial benzo(g,h,i)perylene concentration and irradiation time 
on the RE of PCO under optimized conditions. Experimental conditions: [TiO�]= 
100 mg/1, UV intensity = 2.4 mW/cm^ pH = 5.8，[H2O2] = 5 mM and with 200 
cm^/min aeration. Data point represents the mean and error bar represents the 
standard deviation of triplicates. Means with the same colored letter are 
statistically identical (One way ANOVA with Tukey test, p<0.05). 
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the three concentrations were obvious. The average RE obtained in the PCO of 5 
mg/l ofbenzo(g,h,i)perylene (70.01%) was higher than that of 10 (53.76%) and 20 
mg/l (41.78%). After 20 min of PCO, the curves for 5 and 10 mg/l of 
benzo(g,h,i)perylene started to overlap with each other and after 30 min reaction, the 
curve for 20 mg/l was started to level off at around 80% RE. 
4.3.6 Improvements on removal efficiency (RE) after optimization 
After optimization, there were significant improvements on the RE of all the five 
PAHs during PCO reaction. Figures 4.56 - 4.60 summarize the changes of RE 
during the PCO under preliminary and optimized conditions of the five PAHs 
respectively. By comparing the two curves representing the PCO under preliminary 
and optimized conditions in each figure, it could be easily found that the optimized 
PCO showed higher RE and leveled off at earlier time than the preliminary PCO. 
Moreover, among the five PAHs, the improvements on RE by optimizing 
physico-chemical conditions were more obvious in the PCO of naphthalene, 
anthracene, and chrysene than benzo(a)pyrene and benzo(g,h,i)perylene. 
In addition to the results of preliminary and optimized PCO, Figures 4.56 - 4.60 
show the results obtained in three sets of control experiments. In the case of 
naphthalene (Figure 4.56), the average RE obtained in the dark control and the 
control with UV irradiation alone fluctuated between 0 and 10%. The two curves 
came close to each other. The curve for the control of UV irradiation with H2O2 
addition reached the highest average RE (around 20%) after 15 min UV irradiation. 
In the case of anthracene (Figure 4.57)，the average RE obtained in the dark control 
increased steadily and reached around 8% after 10 min UV irradiation. The curves 
for the other two controls were overlapped and varied together. Both curves started 
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Figure 4.56 Effect of irradiation time on the RE of naphthalene under three 
different controls, optimized PCO, and preliminary PCO. Experimental conditions: 
；Naphthalene] = 10 mg/l; UV irradiation alone: UV intensity = 2.4 mW/cm^, pH = 
5.8, and with 200 cmVmin aeration; UV irradiation with H2O2： UV intensity = 2.4 
mW/cm^, pH = 5.8，[H2O2] = 5 mM, and with 200 cmVmin aeration; Dark control: 
[TiOi] = 100 mg/l, UV intensity = 0 mW/cm\ pH = 5.8，[H2O2] = 5 mM, and with 
200 cmVmin aeration; optimized PCO: [ T i O � ]= 1 0 0 mg/l, UV intensity = 2.4 
2 o 
mW/cm , pH = 5.8, [H2O2] = 5 mM, and with 200 cm /min aeration; and preliminary 
PCO: [Ti02] = 100 mg/l, UV intensity = 1.2 mW/cm^ pH = 5.8, [H2O2] = 5 mM, 
and with 200 cm /min aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same colored letter 
are statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.57 Effect of time on the RE of anthracene under three different controls, 
optimized PCO, and preliminary PCO. Experimental conditions: [Anthracene；= 
10 mg/1; UV irradiation alone: UV intensity = 1.8 mW/cm^ pH = 4.0, and with 200 
cmVmin aeration; UV irradiation with H2O2： UV intensity = 1.8 mW/cm^, pH = 4.0, 
[H2O2] = 5 mM, and with 200 cmVmin aeration; Dark control: [TiO�]=50 mg/1, UV 
intensity = 0 mW/cm^, pH 二 4.0，[H2O2] = 5 mM, and with 200 cmVmin aeration; 
optimized PCO: [TiCb] = 50 mg/1, UV intensity = 1.8 mW/cm^ pH == 4.0, [H2O2] = 5 
mM, and with 200 cnrVmin aeration; and preliminary PCO: [TiCb] = 100 mg/1, UV 
intensity = 1.2 mW/cm^ pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration. 
Data point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same colored letter are statistically identical (One way 
ANOVA with Tukey test, p<0.05). 
115 
100 - a a _ _ _ _ a 
^ ^ • T 
! »�. 
c / ^ UV irradiation alone 
•2 60 - ^ / y A UV irradiation with H2O2 
g j / • Dark control 
u] / / —T— Optimized PCO 
40 - / y — P r e l i m i n a r y PCO 
I 20. d a，b 
d b 
1 1 1— 1  
0 20 40 60 80 
Irradiation time (min) 
Figure 4.58 Effect of irradiation time on the RE of chrysene under three different 
controls, optimized PCO, and preliminary PCO. Experimental conditions: 
[Chrysene] = 10 mg/1; UV irradiation alone: UV intensity = 2.4 mW/cm^, pH = 5.8, 
and with 200 cmVmin aeration; UV irradiation with H2O2： UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration; Dark control: 
[Ti02] = 50 mg/1, UV intensity = 0 mW/cm\ pH = 5.8, [H2O2] 二 5 mM, and with 
200 cmVmin aeration; optimized PCO: [ T i O � ]= 5 0 mg/1, UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration; and preliminary 
PCO: [Ti02] = 100 mg/1, UV intensity = 1.2 mW/cm^ pH = 5.8，[H2O2] = 5 mM, 
and with 200 cmVmin aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same colored letter 
are statistically identical (One way ANOVA with Tukey test, p<0.05). 
116 
100 - a,b a ^a 
^ 80 • e UV irradiation alone 
> - m - UV irradiation with H2O2 
C I t d i ^ Dark control 
• 5 6 。 - r --r- Optimized PCO 
g I Preliminary PCO 
墓 2 � . J j r ^ ^ ^ ^ ^ ^ e ^ ^ Zh 0 - ^ c c c 1 1 1 1  
0 20 40 60 80 
Irradiation time (min) 
Figure 4.59 Effect of irradiation time on the RE of benzo(a)pyrene under three 
different controls, optimized PCO, and preliminary PCO. Experimental conditions: 
;Benzo(a)pyrene] = 10 mg/l; UV irradiation alone: UV intensity = 2.4 mW/cm^, pH 
=5.8, and with 200 cmVmin aeration; UV irradiation with H2O2： UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration; Dark control: 
[Ti02] = 150 mg/l, UV intensity = 0 mW/cm\ pH - 5.8, [H2O2] = 5 mM, and with 
200 cmVmin aeration; optimized PCO: [TiCh] = 150 mg/l, UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration; and preliminary 
PCO: [Ti02] = 100 mg/l, UV intensity = 1.2 mW/cm�，pH = 5.8，[H2O2] = 5 mM, 
and with 200 cm^/min aeration. Data point represents the mean and error bar 
represents the standard deviation of triplicates. Means with the same colored letter 
are statistically identical (One way ANOVA with Tukey test, p<0.05). 
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Figure 4.60 Effect of irradiation time on the RE of benzo(g,h,i)perylene under 
three different controls, optimized PCO, and preliminary PCO. Experimental 
conditions: [Benzo(g,h,i)perylene] = 10 mg/1; UV irradiation alone: UV intensity = 
2.4 mW/cm^, pH 二 5.8, and with 200 cnrVmin aeration; UV irradiation with H2O2： 
UV intensity 二 2.4 mW/cm\ pH = 5.8，[H2O2] = 5 mM, and with 200 cmVmin 
aeration; Dark control: [TiOi] = 100 mg/1, UV intensity 二 0 mW/cm^ pH = 5.8, 
[H2O2] = 5 mM, and with 200 cnvVmin aeration; optimized PCO: [TiOz] = 100 mg/1, 
UV intensity = 2.4 mW/cm\ pH 二 5.8, [H2O2] 二 5 mM, and with 200 cmVmin 
aeration; and preliminary PCO: [TiCy = 100 mg/1, UV intensity = 1.2 mW/cm^, pH 
=5.8, [H2O2] 二 5 mM, and with 200 cm^/min aeration. Data point represents the 
mean and error bar represents the standard deviation of triplicates. Means with the 
same colored letter are statistically identical (One way ANOVA with Tukey test, 
p<0.05). 
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to level off at about 80% of RE after 5 min UV irradiation. Except at the min, 
the RE obtained in these two controls were higher than those obtained in preliminary 
PCO. In the case of chrysene (Figure 4.58), the three curves could be clearly 
separated. The dark control showed the lower RE than the other two controls. 
The control of UV irradiation with H2O2 addition showed relatively higher RE and 
reached the highest point (around 30%) after 70 min irradiation. In the case of 
benzo(a)pyrene (Figure 4.59)，the three curves could also be easily separated. The 
average RE obtained in the dark control increased steadily from 0 to about 15%. 
The control of UV irradiation alone showed the highest average RE (around 25%) 
after 70 min UV irradiation. Among these three controls, the average RE obtained 
in the control of UV irradiation with H2O2 addition were relatively higher and able to 
remove about 40% of parent compound after 70 min UV irradiation. Lastly, in the 
case of benzo(g,h,i)perylene (Figure 4.60)，the curve for dark control flucmated at 
low average RE level (below 10%). The curves for the other two controls came 
close and varied together. The highest average RE obtained in these two controls 
was about 15%. 
Figures 4.61 and 4.62 show the variation of RE during the PCO of the five PAHs 
under the preliminary and optimized conditions separately. In the preliminary PCO, 
the disappearance of anthracene and naphthalene were much quicker than the other 
three PAHs. The order of disappearance was anthracene, naphthalene, 
beiizo(a)pyrene, benzo(g,h,i)perylene, and chrysene. Similarly, the disappearance 
of anthracene and naphthalene were quicker than the other three PAHs under 
optimized PCO. The order was anthracene, naphthalene, benzo(a)pyrene, chrysene, 
and benzo(g,h,i)perylene. 
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Figure 4.61 Effect of irradiation time on the RE of PAHs under preliminary PCO. 
Experimental conditions: [PAHs] = 10 mg/1, [TiO� ]=100 mg/1, UV intensity = 1.2 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration. Data point 
represents the mean and error bar represents the standard deviation of triplicates. 
Means with the same colored letter are statistically identical (One way ANOVA with 
Tukey test, p<0.05). 
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Figure 4.62 Effect of irradiation time on the RE of PAHs under optimized PCO 
respectively. Experimental conditions: for naphthalene: [Naphthalene] = 10 mg/l, 
[Ti02] = 100 mg/l, UV intensity = 2.4 mW/cm�，pH = 5.8，[H2O2] = 5 mM, and with 
200 cmVmin aeration; for anthracene: [Anthracene] = 10 mg/l, [Ti02] = 50 mg/l, 
UV intensity = 1.8 m W W , pH = 4.0，[H2O2] = 5 mM, and with 200 cmVmin 
aeration; for chrysene: [Chrysene] = 10 mg/l, [TiOi] = 50 mg/l, UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] 二 5 mM, and with 200 cm^/min aeration; for 
benzo(a)pyrene: [Benzo(a)pyrene] = 10 mg/l, [TiOi] = 150 mg/l, UV intensity = 2.4 
mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration; and for 
beiizo(g,h,i)perylene: [Benzo(g,h,i)perylene] = 10 mg/l, [ T i O � ]= 1 0 0 mg/l, UV 
intensity = 2.4 mW/cm^ pH = 5.8，[H2O2] = 5 mM, and with 200 cmVmin aeration. 
Data point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same colored letter are statistically identical (One way 
ANOVA with Tukey test, p<0.05). 
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Table 4.2 summarizes the differences in physico-chemical conditions between the 
optimized and preliminary PCO of the five PAHs. Generally, the most obvious 
difference between the two sets of conditions was light intensity. Under 
preliminary condition, medium UV intensity (1.2 mW/cm ) was used, while a double 
UV intensity was determined to be the optimal UV intensity for the PCO of the 
PAHs, except anthracene. Moreover, among the five PAHs, there was no clear 
relationship between the structures of PAHs and variations in optimized conditions. 
4.4 Toxicity analysis 
4.4.1 Microtox® test for acute toxicity 
Figures 4.63 - 4.67 (data was shown in Tables AI-1 - AI-5 in Appendix I) show the 
change of acute toxicity during the optimized PCO of the five PAHs respectively. 
Generally, the curves representing 5-min and 15-min EC50 show similar pattern in 
the five figures. The EC50 values usually increased steadily first, and then largely 
increased to 90% (represent non-detectable EC50). Moreover, the curves for 5-min 
EC50 were always on the top of those for 15-min EC50. According to the figures, 
the acute toxicity could be removed after 10，12, 10，8, and 8 hrs UV irradiation for 
the PCO of naphthalene, anthracene, chrysene, benzo(a)pyrene, and 
beiizo(g,h,i)perylene respectively. 
4.4.2 Mutatox® test for genotoxicity 
As only four samples could be measured in one batch of Mutatox® test (included 
both direct medium and S-9 medium tests), totally three batches of tests were done. 
In each batch of test, both medium and solvent controls were performed since 
definition of genotoxicity was highly dependent on control light readings. The light 
readings for samples would be compared with those for both medium and solvent 
122 
Table 4.2 Comparison between the preliminary and optimal conditions for the PCO 
of PAHs. 
Preliminary conditions Optimal conditions 
Ti02 W p H H2O2 Ti02 ~ ~ “ U V p H H2O2 
(mg/1) (mW/cm^) (mM) (mg/1) (mW/cm^) (mM) 
Naphthalene 100 2.4 5.8 5 
Anthracene 50 1.8 4.0 5 
Chrysene 100 1.2 5.8 5 50 2.4 5.8 5 
Benzo(a)pyrene 150 2.4 5.8 5 
Benzo(g，h，i)perylene| 100 2.4 5.8 5 
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Figure 4.63 Effect of irradiation time on the TOC removal, 5-min and 15-min 
EC50 (Microtox® test) in the optimized PCO of naphthalene. Experimental 
conditions (optimal condition for naphthalene): [Naphthalene] = 10 mg/1, [TiO�]二 
100 mg/1, UV intensity = 2.4 mW/cm�，pH = 5.8, [H2O2] 二 5 mM, and with 200 
cmVmin aeration. For TOC results, data point represents the mean and error bar 
represents the standard deviation of duplicates. For Microtox® test results, data 
point represents the mean. 
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Figure 4.64 Effect of irradiation time on the TOC removal, 5-min and 15-min 
EC50 (Microtox® test) in the optimized PCO of anthracene. Experimental 
conditions (optimal condition for anthracene): [Anthracene] = 10 mg/l, [T iO� ]=50 
mg/l, UV intensity = 1.8 mW/cm^ pH = 4.0，[H2O2] = 5 mM, and with 200 cmVmin 
aeration. For TOC results, data point represents the mean and error bar represents 
the standard deviation of duplicates. For Microtox® test results, data point 
represents the mean. 
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Figure 4.65 Effect of irradiation time on the TOC removal, 5-min and 15-min 
EC50 (Microtox® test) in the optimized PCO of chrysene. Experimental conditions 
(optimal condition for chrysene): [Chrysene] = 10 mg/1, [ T i O � ]= 5 0 mg/1, UV 
intensity = 2.4 mW/cm^, pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration. 
For TOC results, data point represents the mean and error bar represents the standard 
deviation of duplicates. For Microtox® test results, data point represents the mean. 
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Figure 4.66 Effect of irradiation time on the TOC removal, 5-min and 15-min 
EC50 (Microtox® test) in the optimized PCO of benzo(a)pyrene. Experimental 
conditions (optimal condition for benzo(a)pyrene): [Benzo(a)pyrene] = 10 mg/1, 
[Ti02] = 150 mg/1, UV intensity = 2.4 mW/cm\ pH = 5.8, [H2O2] = 5 mM, and with 
200 cm /min aeration. For TOC results, data point represents the mean and error 
bar represents the standard deviation of duplicates. For Microtox® test results, data 
point represents the mean. 
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Figure 4.67 Effect of irradiation time on the TOC removal, 5-min and 15-min 
EC50 (Microtox® test) in the optimized PCO of benzo(g,h,i)perylene. 
Experimental conditions (optimal condition for benzo(g,h,i)perylene): 
[Benzo(g,h,i)perylene] - 10 mg/1, [TiO� ]=100 mg/1, UV intensity = 2.4 m W W , 
pH = 5.8, [H2O2] = 5 mM, and with 200 cmVmin aeration. For TOC results, data 
point represents the mean and error bar represents the standard deviation of 
duplicates. For Microtox® test results, data point represents the mean. 
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controls of the same batch of test before defining the genotoxicity of samples. 
In the direct medium tests (Tables 4.3 - 4.5)，besides the positive control, only the 
sample collected after 6 hrs PCO of benzo(g,h,i)perylene showed genotoxicity. No 
genotoxic response was detected in the other 9 samples. This indicated that some 
unknown direct mutagens were generated after the PCO of benzo(g,h,i)perylene. 
In the S-9 medium tests (Tables 4.6 - 4.8)，in addition to the pyrene control, the 
sample collected before the PCO of benzo(a)pyrene was the only one that caused 
genotoxic response. The other 9 samples showed no genotoxicity. This indicated 
that benzo(a)pyrene was a S-9 dependent mutagen (pro-mutagen). 
4.5 Determination of TOC removal in optimized PCO 
In addition to the Microtox® test results, Figures 4.63 - 4.67 summarize the removal 
of TOC during the PCO of the five PAHs respectively. Overall, above 95% of TOC 
were quickly removed at the first 6 to 8 hours of PCO, and then the curves leveled 
off. There was no strong relationship between the time for PCO and the structures 
of PAHs. Besides benzo(g,h,i)perylene that required 8 hrs for majority of TOC 
removal, only 6 hrs of PCO was enough for the other four PAHs. 
4.6 Determination of degradation pathways 
Figures 4.68 - 4.77 show the proposed degradation pathways I of PAHs together with 
the chromatographs obtained in GC-MS measurement. Since some organic 
compounds were commonly found during the PCO of the five PAHs, these 
compounds were summarized as the proposed degradation pathway II showed in 
Figure 4.78. As the similarity between the detected intermediates and the database 
129 
Table 4.5 The third batch of Mutatox® Direct Medium Tests on samples collected 
in PCO of PAHs. The concentration of sample was increasing down each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
189 88 19 7 164 33 10 12 
277 95 12 11 210 20 17 9 
286 99 16 10 358 80 17 9 
377 92 26 13 328 75 26 10 
288 88 17 13 440 49 34 13 
Naphthalene (before PCO) Anthracene (before PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
84 22 9 7 106 24 9 9 
50 14 8 10 59 15 7 8 
56 15 7 8 55 13 5 6 
49 12 6 7 60 14 6 7 
207 41 10 11 130 27 10 9 
106 24 11 12 92 19 9 8 
163 16 8 9 47 13 8 6 
116 21 7 13 89 21 9 7 
145 28 10 7 64 15 7 6 
440 94 31 21 180 35 13 9 
Chrysene (before PCO) Benzo(a)pyrene (before PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
58 17 6 7 236 76 22 9 
51 14 9 13 246 155 29 13 
17 10 16 19 251 152 12 9 
22 11 11 11 176 173 32 17 
78 14 6 8 120 27 8 9 
64 13 6 7 188 18 7 6 
39 10 4 5 238 46 13 10 
40 12 5 6 466 99 26 17 
129 20 7 11 334 121 63 16 
222 46 17 8 111 176 10 30* 
*Bold and underlined numbers represent the readings are at least two times higher 
than corresponding control light readings. 
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Table 4.4 The second batch of Mutatox® Direct Medium Tests on samples 
collected in PCO of PAHs. The concentration of sample was increasing down 
each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
140 52 14 11 125 8 7 9 
147 64 7 6 134 7 6 7 
156 38 10 10 128 7 6 6 
149 52 15 6 126 10 5 4 
139 61 15 8 135 14 4 3 
Beiizo(g,h,i)perylene (before PCO) Anthracene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
21 9 5 5 56 12 7 10 
46 12 8 8 67 14 7 10 
47 11 6 8 33 11 8 8 
15 7 4 6 25 8 7 9 
24 8 5 7 33 9 8 11 
14 6 6 9 40 11 9 11 
44 10 9 16 77 17 9 11 
15 6 8 11 87 16 8 6 
25 9 9 15 309* 53 22 9 
45 13 7 19 219 332 66 23 
Chrysene (after PCO) Benzo(2,h,i)perylene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
45 13 6 6 30 11 6 6 
57 11 9 14 35 12 6 8 
20 9 7 11 66 15 10 11 
35 9 10 13 28 9 6 7 
30 8 7 9 75 15 9 10 
33 10 7 9 57 13 8 8 
32 8 6 9 61 14 7 9 
70 14 8 7 104 23 10 8 
168 28 11 6 353 111 30 13 
244 128 40 16 608 129 126 46 
*Bold and underlined numbers represent the readings are at least two times higher 
than corresponding control light readings. 
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Table 4.5 The third batch of Mutatox® Direct Medium Tests on samples collected 
in PCO of PAHs. The concentration of sample was increasing down each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
171 144 21 15 175 35 9 6 
193 158 12 14 189 26 7 6 
170 187 21 16 195 22 8 6 
173 154 13 15 164 37 12 9 
184 211 37 14 197 42 24 9 
Positive control (370 mg/l phenol) 
12 hrs 16 hrs 20 hrs 24 hrs 
24 166 40 10 
50 96 21 6 
173 59 14 7 
262 80 20 8 
244 58 17 8 
323 80 21 10 
794* 225 62 28 
334 1535 477 192 
39 i m 1492 4197 
2 277 123 4744 
Naphthalene (after PCO) Benzo(a)pyrene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
310 62 17 6 200 39 9 3 
336 122 30 9 180 39 9 4 
338 85 22 6 173 35 8 4 
313 90 17 7 242 54 11 6 
218 41 11 6 185 40 10 5 
257 53 12 6 224 46 11 6 
314 60 12 7 68 138 24 9 
388 59 14 7 83 170 14 7 
180 109 23 11 36 107 24 9 
17 168 ^ 3 49 127 19 
*Bold and underlined numbers represent the readings are at least two times higher 
than corresponding control light readings. 
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Table 4.5 The third batch of Mutatox® Direct Medium Tests on samples collected 
in PCO of PAHs. The concentration of sample was increasing down each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
33 41 51 10 16 21 15 9 
25 33 33 13 17 20 18 12 
24 44 44 12 16 33 31 10 
24 51 69 14 12 29 32 15 
32 41 54 11 11 35 36 11 
Naphthalene (before PCO) Anthracene (before PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
7 10 10 5 5 34 35 7 
12 22 14 23 15 19 28 9 
16 35 30 17 22 49 44 18 
18 40 33 17 36 61 55 19 
23 50 62 21 16 24 16 10 
29 49 50 8 25 49 48 4 
24 49 42 7 25 51 64 10 
13 37 42 8 35 57 64 8 
15 37 39 4 19 36 36 3 
17 32 31 4 15 26 26 17 
Chrysene (before PCO) Benzo(a)pyrene (before PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
7 8 9 8 9 6 3 7 
8 17 10 9 9 9 13 8 
10 22 33 13 8 11 20 6 
13 26 30 9 10 19 28 7 
18 35 35 11 13 27 33 4 
21 47 69 17 26 44 41 4 
30 56 66 7 23 47 50 17 
22 46 33 7 23 14：!1 145 m 
33 48 52 4 28 240 135 303 
16 27 13 4 18 336 230 333 
*Bold and underlined numbers represent the readings are at least two times higher 
than corresponding control light readings. 
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Table 4.5 The third batch of Mutatox® Direct Medium Tests on samples collected 
in PCO of PAHs. The concentration of sample was increasing down each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
28 44 39 15 9 10 8 12 
25 39 53 15 5 19 18 10 
21 34 59 20 5 11 13 15 
19 46 53 15 5 11 17 7 
22 34 59 18 4 17 27 14 
Benzo(2,h,i)perylene (before PCO) Anthracene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
13 42 52 16 14 37 16 6 
11 30 39 12 13 27 23 8 
18 48 54 17 20 51 42 14 
30 70 79 23 33 78 62 20 
36 80 78 21 50 77 63 17 
25 80 112 28 19 48 20 7 
19 56 62 19 32 58 31 8 
18 63 81 23 53 66 27 10 
9 26 19 7 58 75 18 8 
6 20 20 8 53 92 23 8 
Chrysene (after PCO) Benzo(&,hJ)perylene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
11 24 12 6 14 43 44 15 
27 51 37 11 17 51 46 14 
23 58 37 12 34 73 78 28 
26 53 32 9 24 56 46 11 
37 67 39 12 34 82 80 24 
30 49 33 11 30 66 54 14 
26 39 30 9 33 54 36 9 
23 35 22 8 41 80 39 12 
34 34 13 6 53 72 16 7 
39 30 9 4 81* 175 37 13 
*Bold and underlined numbers represent the readings are at least two times higher 
than corresponding control light readings. 
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Table 4.5 The third batch of Mutatox® Direct Medium Tests on samples collected 
in PCO of PAHs. The concentration of sample was increasing down each column. 
Medium control Solvent control (acetone) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
6 22 26 12 4 18 28 16 
7 14 22 14 4 11 29 17 
5 18 30 19 3 11 35 35 
6 19 30 16 3 18 22 34 
9 21 26 14 2 19 32 32 
Positive control (18.5 mg/l pyrene) 
12 hrs 16 hrs 20 hrs 24 hrs 
5 17 23 12 
10 15 17 7 
11 13 16 9 
18 10 8 2 
12 9 7 3 
18 12 9 3 
21* 22 17 8 
26 139 44 13 
5 822 348 147 
9 1251 550 214 
Naphthalene (after PCO) Benzo(a)pyrene (after PCO) 
12 hrs 16 hrs 20 hrs 24 hrs 12 hrs 16 hrs 20 hrs 24 hrs 
4 13 19 8 14 22 24 8 
5 12 16 7 15 24 19 6 
6 8 14 6 15 25 30 16 
7 13 18 6 9 15 20 8 
7 14 19 9 10 18 23 9 
13 16 12 3 3 12 21 12 
5 19 28 13 4 8 16 11 
5 21 35 21 15 28 50 30 
4 40 29 11 17 31 49 25 
2 I M 61 11 ^ 37 41 13 
*Bold and underlined numbers represent the readings are at least two times higher 




•OH, h+ o 
O ^ o OC：： 
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•OH, h+ o 
1-Butanone Paroxypropione Phenol Cyclopentanecart)oxylic acid 1,2-Benzenedicarboxylic acid 
(12.411) (13.182) (23.890) (7.231) (25.911) 
•OH, h+ o 
Proposed pathway n 
Figure 4.68 Proposed PCO degradation pathway I of naphthalene. 
*Data in parenthesis represent the retention time (min) in Figure 4.74. 
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Figure 4.69 Chromatographs of samples collected after (a) 2 hrs; (b) 4 hrs; (c) 6 hrs; 
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’ (37.992)* (36200) (36.187) (34.776) (6.560) (6.611) 
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(25.911) (33.410) (32.016) (15.846) (7.231) 
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Benzoic acid 1-Propanone 1-Pentanone 4'-Butoxyacelophenone Ethanone Paroxypropione 
(14 303) (14.912) (15.633) (13.211) (15.930) (17.033) 
V V r OH 
1-Butanone 1-Butanone Phenol Phen-1 4-diol 1,4-Benzenecliol O Methanol 
(12.411) (12.992) (23.890) (19.607) (11.331) (28.611) 
•OH, h" o 
Proposed pathway II 
Figure 4.70 Proposed PCO degradation pathway I of anthracene. 
*Data in parenthesis represent the retention time (min) in Figure 4.76. 
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V。丫 
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於 、 。 j A 、 。 乂 。 • ^ 
Benzenepropanoic acid Benzoic acid Benzenepropanoic acid 
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O丫 A � 0 丫 O ^ 
� Y 沪 J O ^ 
Benzoic acid Cyclopentanecarboxylic acid 4'-Butoxyacetophenone Ethanone 1 -Propahone 1 -Pentanone 
(15.846) (7.231) (13.211) (15.930) (14.912) (15.633) 
1-Butanone 1-Butanone Paroxypropione Phen-1,4-<Jiol 1,4-Benzenediol Phenol 。 Methanol 
(12.411) (12.992) (17.033) (19.607) (11.331) (23.890) (28.611) 
•OH, h+ 
o 
Proposed pathway n 
Figure 4.72 Proposed PCO degradation pathway I of chrysene. 
*Data in parenthesis represent the retention time (min) in Figure 4.78. 
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Figure 4.73 Chromatographs of samples collected after (a) 2 hrs; (b) 4 hrs; (c) 6 hrs; 
(d) 8 hrs; and (e) 10 hrs PCO of chrysene under optimal condition. 
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Proposed pathway n 
Figure 4.74 Proposed PCO degradation pathway I of benzo(a)pyrene. 
*Data in parenthesis represent the retention time (min) in Figure 4.80. 
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Figure 4.75 Chromatographs of samples collected after (a) 2 hrs; (b) 4 hrs; (c) 6 hrs; 
and (d) 8 hrs PCO of beiizo(a)pyrene under optimal condition. 
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Figure 4.76 Proposed PCO degradation pathway I of benzo(g,h,i)perylene (to be 
continued). 
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Proposed pathway n 
Figure 4.76 Proposed PCO degradation pathway I of benzo(g,h,i)perylene. 
*Data in parenthesis represent the retention time (min) in Figure 4.82. 
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Figure 4.77 Chromatographs of samples collected after (a) 2 hrs; (b) 4 hrs; (c) 6 hrs; 
and (d) 8 hrs PCO of benzo(g,h,i)perylene under optimal condition. 
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(10.016)* (9.038) (8.466) (6.722) (5.640) (5.709) 
ft , O v J v ^ 。 v 9H 
^ ^ ^ ^ O H AH AH AH 8 OH 
6-Hydorxy-hexan-2-one 3-Heptanol 3-Heptanol Butanedioic acid 3-Octanol 2-Hexanol 
(16.426) (13.200) (13.126) (18.724) (14.007) (11.046) 
J ^ ^ J t o H 0丫丫 Z O J J U V A A 
Octanoic acid Acetic acid Acetic acid Acetic acid 2-Pentene 2-Pentene 
(15.633) (7.193) (5.393) (9.046) (5.112) (5.166) 
Nonanal 4-0ctadecenal 5-Octaclecenal 8-Octadecenal 
(11.423) (19.692) (24.628) (25.096) 
^ / k x-s^ t ^ . ' s . ^ k^Q i ^ 
10"0ctadecenal l2-0ctadecenal 14-Octadecenal 1-Dodecanol 
(26.101) (27.142) (30.013) (29.834) 
N^.^ 'v^ v^^ .^ v^.^ s^^VpOH •^ ^^ ^^ N^^ N^^ N^ O^ -^ OH 
2-Hexadecanol Ethand 1-Eicosanol 
(20.813) (15.930) (24.423) 
OH OH 
Ethanol 1-Tricosanol Dodecanoic acid 
(15.771) (26.741) (21.076) 
Hexadeca-2,4,15-tricenoic acid Nonadec-13-enoicacid 9-Hexadecenoic acid 2-Propenoic acid 
(24.106) (28.044) (24.944) (23.830) 
Octadecanedioic acid CH Octadecanoic acid CH 15-Tetracosenoic acid 
(39.924) (26.760) (30.732) 
10-Nonadecenoic acid 9,12-Octadecadienoic acid 10,13-Eicosadienoic acid 
(37.400) (37.262) (17.110) 
8,11 -Eicosadienoic acid Eicosanebioic acid 。 Hexadecanedioic acid 6 h 
(37.117) (39.668) (29.441) 
1-Nonadecene 11-Tricosene 1 -Hexacoxene 
(26.731) (28.517) (37.001) 
^ Dodecane 5,15-Dimethylnonadecane 4-Methyldocosane Tetradecane 
(19.733) (32.835) (34.046) (16.241) 
s^^V^ 'V^ 'VXV. 
Pentadecane Hexadecane Octadecane Nondecane 
(25.044) (29.063) (38.867) (39.133) 
Henicosane Docosane Tricosane 
(39.866) (42.628) (42.881) 
Tetracosane Heptacosane (从 129) .OH, h + L ^ C 0 2 + H2O (44.695) 
Figure 4.78 Proposed PCO degradation pathway n of the PAHs. 
*Data in parenthesis represent the retention time (min) in chromatographs above. 
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was not high (range from 60 — 80% only), the pathways were only proposed roughly 
based on the results obtained. The intermediates could be generally divided into six 
major groups of organic compounds including ketones, aldehydes, carboxylic acid, 
alcohol, alkene, and alkane. According to the chromatographs, the number of peak 
and the peak area were usually decreasing when extending the irradiation time. But 
the appearance and disappearance of identified intermediates did not show a clear 
pattern with respect to the time of PCO. Therefore, the degradation pathways of 
PAHs during PCO were based on the decrease in aromatic ring number and 
complexity of identified compounds. As TOC decreased mostly during PCO 
(Section 4.5), the end product of PCO was suggested to be carbon dioxide and water. 
Moreover, in the comparison among the proposed degradation pathway I of five 
PAHs, the number of intermediates identified was related to the number of rings of 
PAHs. It was observed that more organic compounds were found during the PCO 




5.1 Determination of PAHs concentrations 
A number of methods were used to quantify PAH compounds. Besides GC-FID 
used in this study, GC-MS, and high performance liquid chromatography (HPLC) 
with fluorescence detector or UV-visible spectrophotometer, were commonly used in 
separating and quantifying a mixture of PAHs (Reddy and Quinn, 1999; Zheng and 
Richardson, 1999; Boonchan et al； 2000; Lehto et al., 2000a, 2000b; Zeng et al., 
2000a; Bessa et al., 2001; Lee and Hosomi, 2001; Matsuzawa et al., 2001; Miller 
and Olejnik, 2001; Roper and Pfaender, 2001; Sabate et al., 2001; Tarn et al.’ 2001; 
Wong and Wang, 2001). Pure PAH compounds can also be quantified by 
UV-visible spectrophotometry (Bugg et al； 2000). GC-FID was selected in this 
study because it is more specific for organic compound detection. The signal from 
the FID is only based on the mass of carbon combusted (Reddy and Quinn, 1999). 
The disturbance caused by light absorbing impurities can be minimized as 
comparing with spectrophotometric measurement. Moreover, GC-FID allows more 
significant cost savings rather than GC-MS (Simpson et al., 1995). Lastly, high 
linearity (r = 0.9977 - 0.9999) was found between the concentrations of selected 
PAHs and their respective peak areas obtained from GC-FID measurement (Figures 
4.1 - 4.5). Therefore, GC-FID was used to measure the PAH content in reaction 
suspension and based on these results, REs were calculated. 
5.2 Optimization of extraction method 
Hexane and dichloromethane (DCM) are two organic solvents commonly used to 
extract PAHs from liquid or solid samples (Reddy and Quinn, 1999; Zheng and 
Richardson, 1999; Annweiler et al., 2000; Bastiaens et al., 2000; Boonchan et al., 
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2000; Lehto et al., 2000a; Zeng et al., 2000; Lee and Hosomi, 2001; Matsuzawa et 
al, 2001; Tarn et al., 2001). They are relatively less toxic than other organic 
solvents, such as trichloromethane (i.e., chloroform), which was also used to extract 
PAH from environmental samples (Tarn et al., 2001). Therefore, hexane and DCM 
were used to find the optimized extraction procedures in this study. 
According to Table 4.1, under the same shaking (extraction) time, hexane showed 
higher extraction efficiencies than DCM. The only exception was found in 
extracting benzo(g,h,i)perylene with 1 hr shaking, but the difference was not 
significant. It was also observed that during the shaking process, loss of DCM due 
to evaporation was more serious than that of hexane even the extraction tubes were 
tightly closed. It might be the reason of the lower extraction efficiencies when 
using DCM to extract PAHs. Among the five selected PAHs, there was no obvious 
relationship between the ring number and extraction efficiencies. But in general, it 
was relatively difficult to extract naphthalene by these two solvents. The low 
recovery of naphthalene was also reported in other studies and one of possible 
reasons was the evaporative loss of naphthalene during extraction (Simpson et al,, 
1995; Wong and Wang, 2001). In order to have the higher and more stable 
extraction efficiencies of PAHs, using hexane and 2 hrs shaking (extraction) was 
found to be the optimal extraction method (Table 4.1). 
5.3 Optimization of physico-chemical conditions for PCO 
5.3.1 Determination of the reaction time for optimization of PCO 
The optimization reaction time for PCO of PAHs was determined by performing 
PCO under the preliminary conditions. It was an important step because the 
selection on each optimized parameter was largely dependent on the reaction time. 
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If the reaction time were too long or too short, the differences among the REs when 
changing any one parameter (e.g., different concentrations of TiO�）would be too 
small to be differentiated. It might be difficult to determine the optimal point for 
that parameter. The time point which showed about 70% RE was selected and 
fixed since it provided rooms for fluctuation of RE during the optimization process. 
5.3.2 Effect of TiOz concentration and light intensity 
Titanium dioxide (TiO�）and UV were two essential components of PCO. As they 
were closely related to each other, all combinations of these two parameters were 
considered. For naphthalene (Figure 5.1), anthracene (Figure 5.2) and chrysene 
(Figure 5.3), 32 combinations were investigated. Twenty-eight combinations of 
different TiO: concentrations and UV intensities were investigated in the cases of 
benzo(a)pyrene (Figure 5.4) and benzo(g,h,i)perylene (Figure 5.5). Four more 
combinations were included in the cases of naphthalene, anthracene, and chrysene 
because relatively high REs were obtained in the presence of 50 mg/1 of Ti02 (the 
lowest selected concentration). One more concentration of TiO�(25 mg/1) was then 
investigated under the four different UV intensities so that the concentration of T i O �， 
which showed the highest RE, would not be over-estimated and caused a waste of it. 
The optimal combination of Ti02 concentration and UV intensity was selected to be 
the one that showed the highest RE in the PCO of each PAHs. The concentration of 
Ti02 was selected to be 100 mg/1, 50 mg/1, 50 mg/1, 150 mg/1, and 100 mg/1 for 
naphthalene, anthracene, chrysene, benzo(a)pyrene, and benzo(g,h,i)perylene, 
respectively. Besides anthracene (1.8 mW/cm^), 2.4 mW/cm^ of UV irradiation 
was selected for the other four PAHs. No relationship was found between the 
optimal combination of conditions selected and the structures of PAHs. 
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Figure 5.1 Effect of Ti02 concentration and UV intensity on the RE in the PCO of 
naphthalene. Experimental conditions: [Naphthalene] = 10 mg/1, pH = 5.8, [H2O2] 
= 5 mM, irradiation time = 7 min, and with 200 cm^/min aeration. Data point 
represents the mean of triplicates. 
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Figure 5.2 Effect of Ti02 concentration and UV intensity on the RE in the PCO of 
anthracene. Experimental conditions: [Anthracene] = 10 mg/1, pH = 5.8, [H2O2:= 
5 mM, irradiation time = 5 min, and with 200 cm^/min aeration. Data point 
represents the mean of triplicates. 
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Figure 5.3 Effect of TiO� concentration and UV intensity on the RE in the PCO of 
chrysene. Experimental conditions: [Chrysene] = 10 mg/1, pH = 5.8，[H2O2] = 5 
mM, irradiation time = 20 min, and with 200 cmVmin aeration. Data point 
represents the mean of triplicates. 
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Figure 5.4 Effect of Ti02 concentration and UV intensity on the RE in the PCO of 
benzo(a)pyrene. Experimental conditions: [Benzo(a)pyrene] = 10 mg/1，pH 二 5.8， 
:H202] = 5 mM, irradiation time 二 10 min, and with 200 cmVmin aeration. Data 
point represents the mean of triplicates. 
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Figure 5.5 Effect of Ti02 concentration and UV intensity on the RE in the PCO of 
benzo(g,h,i)perylene. Experimental conditions: [Benzo(g,h,i)perylene] = 10 mg/1, 
pH = 5.8, [H2O2] = 5 mM, irradiation time = 20 min, and with 200 cm^/min aeration. 
Data point represents the mean of triplicates. 
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Besides the PCO of anthracene, addition of TiO� could largely increase the RE. In 
the absence of TiO:, the REs only varied in the range of 2 to 20% even the intensity 
of UV increased. Certain amounts of PAHs were removed in the absence of TiO� 
because •OH could be generated directly from the reaction between H2O2 and UV 
(Equation 16). It was defined as a homogeneous advanced oxidation process (AOP) 
which has been widely studied (Crittenden et al” 1999; Cornish et al.’ 2000; Wang et 
a/.，2000a; Galindo et al., 2001). However, the efficiencies for PAHs removed by 
this process were not high. After adding small concentrations (25 or 50 mg/l) of 
Ti02，the REs increased dramatically and reached about 80% in some extreme cases 
(Figures 5.1 — 5.5). It was because the PCO of PAHs was closely related to the 
total number of active sites and photo-absorption of the catalyst used. Adequate 
loading of TiO] increased the generation of electron-hole-pairs for promoting the 
degradation of PAHs (Equation 1) (El-Morsi et al., 2000; Chen et al., 2001; Doong 
et aL, 2001). After this initiation step, besides the recombination reaction, a series 
of oxidizing agents were generated for oxidation of PAHs (Equation 2 - 1 4 ) . 
Further increase in TiO] concentration could still increase the RE but the increment 
decreased. It was because the limitation on active site has been released but other 
factors (e.g. pH value) limited the increase in RE (El-Morsi et al., 2000; Chen et al., 
2001; Doong et al., 2001). After the optimal concentration of TiC^ ，the REs 
leveled off or declined. At high TiO� concentration, aggregated particles reduced 
the interfacial area between the reaction solution and the catalyst. This, in turn, 
decreased the total number of active site available on the surface (San et al., 2001). 
Moreover, addition of a high dose of TiO� increased the opacity and decreased the 
light penetration by scattering of photons (Sopajaree et al., 1999; El-Morsi et aL, 
2000; Grazechulska et al” 2000; Chen et al., 2001; Doong et al, 2001; San et al., 
2001). These might be the possible reasons for the decrease in the RE. 
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Equations 
T i C h + h v — h\surface)+e'(surface) ( 1 ) 
h (surface) + R(adsorbed) •R+(adsorbed) ( 2 ) 
h+(surface) + H20(adsorbed) — •OH(adsorbed) + H + ( 3 ) 
h+(surface) + O H (adsorbed) •OH(adsorbed) ( 4 ) 
e (surface) + 02(adsorbed) ~ > •02'(adsorbed) ( 5 ) 
2 e (surface) + 02(adsorbed) + 2 H + — H202(adsorbed) ( 6 ) 
e (surface) + H202(adsorbed) — •OH(adsorbed) + OH"(adsorbed) ( 7 ) 
2 e (surface) + H202(adsorbed) + 2 H + — 2H20(adsorbed) ( 8 ) 
2參02 (adsorbed) + 2H20(adsorbed) — 20H"(adsorbed) + 2*OH(adsorbed) + 02(adsorbed) ( 9 ) 
•02'(adsorbed) + H + - > • O 2 H (adsorbed) ( 1 0 ) 
• O 2 H (adsorbed) + • O 2 H (adsorbed) — H202(adsorbed) + 02(adsorbed) ( 1 1 ) 
• O 2 (adsorbed) + • O 2 H (adsorbed) — HO2"(adsorbed) + 02(adsorbed) ( 1 2 ) 
H02-(adsorbed) + H+ H202(adsorbed) (13) 
H202(adsorbed) + • O 2 (adsorbed) •OH(adsorbed) + OH"(adsorbed) + 02(adsorbed) ( 1 4 ) 
H202 + hv 2 •OH (16) 
The effect of TiO� concentration on the PCO of anthracene was not totally the same 
as that on the other four PAHs. Under low UV intensity (0.6 mW/cm^), increasing 
the concentration of TiO� resulted in an obvious increase in RE (Figure 5.2). 
However, under higher UV intensity, especially under the irradiation of 2.4 mW/cm^ 
UV，the addition of TiO� did not promote the efficiency of anthracene degradation. 
It might be because anthracene was very sensitive to the oxidation initiated by •OH 
that generated from the splitting for H2O2 under UV irradiation (Equation 16). The 
amount of •OH generated under higher UV irradiation might be already enough for 
the removal of most anthracene molecules. Also, it might be possible that 
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anthracene could be oxidized in aqueous solution under UV irradiation alone 
(Dabestani et al” 1995; Yu et al” 1999). Therefore, in the absence of TiO�，the REs 
were so high (28% to 84%) and largely dependent on the UV intensity. Even so, 
high dose of Ti02 would still inhibit the PCO and caused decreases in RE. The 
pattern was the same as those observed in the PCO of the other PAHs. 
UV intensity was another essential factor to PCO since it provided energy to initiate 
the whole oxidation process. The increase in RE was found to be directly 
proportional to the increase in UV intensity (Crittenden et al” 1999; Modise et al., 
2000). According to the five 3-D figures (Figures 5.1 — 5.5), under a fixed 
concentration of TiO]，increase in UV intensity usually followed by the increase in 
REs. The trend was more obvious when the concentration of TiOi was low. It 
was because at low TiO� concentration, the inhibitory effect of it was small. The 
light penetration of reaction suspension was high, and the energy could be 
completely utilized by the catalyst for generating electron-hole-pairs (Equation 1). 
Therefore, increasing the UV intensity would increase the efficiency of PAHs 
removal until the concentration of Ti02 was limited and unable to capture all the 
light energy for PCO. The increasing trend was less obvious at high concentrations 
of Ti02 because the inhibitory effects caused by particles aggregation or photo 
scattering were serious. At high concentration of TiO�，the REs were fluctuated 
when the UV intensity increased. 
5.3.3 Effect of initial pH 
Among the PCO of five PAHs, the effects of initial pH were quite similar. Besides 
anthracene (pH 4.0) (Figure 4.38)，the highest RE obtained in the PCO when the 
initial pH was equal to 5.8 (Figures 4.36，4.40，4.42，and 4.44). In general, the REs 
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were relatively high when the initial pH was below 7. It meant that the acidic to 
neutral media favored the PCO of PAHs. The results were in agreement with some 
studies that the optimal initial pH for the PCO of other organics was in between pH 3 
to 7 (Wang et al., 1999; Modise et al.’ 2000; Wang et al.’ 2000b). Munner et al. 
(2001) reported that the highest RE was obtained at pH 6，and the reason might be its 
closure to the isoelectric point of TiO� that favor the adsorption of those weakly 
anionic or cationic compounds. The increase in initial pH decreased the RE of 
PCO probably because the dissociated form of hydrogen peroxide (HO2") in alkaline 
media, which generated through the reverse reaction of Equation 13，reacted with 
•OH more than two orders of magnitude faster than that of hydrogen peroxide 
(Equations 18 and 19) (Crittenden et al., 1999). The amount of •OH for PCO 
would be largely decreased. Therefore, the REs declined when the initial pH 
increased. However, it was not the general effect of initial pH on the PCO. Some 
studies stated that the PCO could be better performed under the alkaline condition 
(Sopajaree et al, 1999; Wang et al” 1999; Doong et al,, 2001). It was because 
more •OH could be generated in alkaline media (Equation 4). 
•OH + H2O2 -> H2O + H02» ，k = 2.7x 107M-VI (18) 
•OH + HO2" H2O + #02"，k = 7.5x 109M-Vi (19) 
Under different pH, the main pathways of producing •OH were probably different 
(Serpone et al” 1993; Wang et al., 2000b; Chen et al” 2001). Alkaline solution 
attributed to the increase in the number of OH" ions at the surface of the Ti02 and 
promoted the formation of •OH (Equation 4). In acidic solution, the PCO of PAHs 
was probably due to the formation of •OH according to Equations 5, 10, 11 and 14 
(Chen et al.’ 2001). Moreover, the pH of the media highly affected the surface 
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charge of Ti02 and, therefore, the adsorption behavior of pollutants. For Degussa 
P25 Ti02, the isoelectric point is at pH 6.5 (Munner et al” 2001). In acidic media 
(pH < 6.5), the Ti02 surface was positively charged which enhanced adsorption of 
anionic and polar substrates; in alkaline media (pH > 6.5), the surface charge became 
negative and should favor the adsorption of cationic species (Serpone et al； 1993; 
Wang et al., 2000b). As mention above, the pH value affected the PCO reaction in 
numbers of ways, the effect of initial pH might be specific to the properties of 
compounds and should not be generalized. 
In addition to the initial pH, using different acids in pH adjustment would influence 
the RE of PCO. The effects were mainly due to the presence of different anions. 
Anions were able to react with •OH leading to inorganic radical ions (Galindo et al” 
2001). These inorganic radical anions showed a much lower reactivity than •OH, 
so that they did not take part in the PAH decomposition. There was also drastic 
competition between the PAHs and anions with respect to •OH. Thus, the REs 
would be decreased in the presence of anions. According to the experimental 
results, besides the PCO of naphthalene (Figure 4.37)，nitric acid enhanced the 
efficiency of PAHs removal (Figures 4.39，4.41，4.43, and 4.45). This finding was 
in agreement with the values of the rate constants obtained for the reactions between 
•OH and anions (chloride ions and nitrate ions) (Equations 20 and 21) (Galindo et al., 
2001). 
•OH + Cr — CIHO-，k = 4 .3x 109m-Vi (20) 
•OH + NO3- — HsO + NOs* ，k 二 1.3x108M-Vi (21) 
Abdullah et al. (1990) reported that chloride ions reduced the rate of oxidation by 
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scavenging oxidizing radical species. Also, chloride ions competed with oxygen 
for electrons, therefore, reduced the formation of radicals and then blocked the chain 
reaction for •OH (Tseng and Huang, 1991). Moreover, some of the chloride ions 
added might block the active sites of the catalyst surface due to the positive charge 
on the surface in acidic condition, and thus deactivating the TiO� towards organic 
molecules (Abdullah et al., 1990; Wang et al., 2000b). Chloride ions significantly 
retarded the reaction, while nitrate ions with similar charge as chloride ions only 
slightly inhibited the reaction and the results in this study supported the role of 
individual anions (Abdullah et al.’ 1990; Wang et al.’ 1999). However, some 
studies found that chloride and nitrate ions did not affect the PCO treatment of 
organic compounds (Leng et al” 2000; Vohra and Tanaka, 2001), while Khodja et al. 
(2001) reported that both chloride and nitrate ions negatively affected the 
degradation of pollutants. However, Galindo et al. (2001) found that nitrate ions 
had stronger scavenging effect than chloride ions and was support the finding in the 
PCO of naphthalene in this study. 
5.3.4 Effect of initial H2O2 concentration 
Addition of only 2.5 to 5.0 mM of H2O2 could significantly increase the RE for 
PAHS in P C O process by 20 to 60%. There was no further increase in REs even 
high concentrations of H2O2 were used. Among the five PAHs, H2O2 addition 
largely increased the REs in the PCO of naphthalene (Figure 4.46) and 
beiizo(g,h,i)perylene (Figure 4.50)，moderately increase for anthracene (Figure 4.47) 
and chrysene (Figure 4.48)，and only about 20% increase in the RE after 20 min 
PCO of benzo(a)pyrene (Figure 4.49). Overall, addition of H2O2 was beneficial to 
PCO. 
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The experimental results obtained were in agreement with some previous studies. 
At low initial H2O2 concentration levels, increasing the H2O2 concentration increased 
the RE (Chen and Cheng, 1998; Crittenden et al., 1999; El-Morsi et al” 2000; Wang 
et al.’ 2000b; Alaton and Balcioglu, 2001; Galindo et al., 2001; Khodja et al., 2001; 
San et al.’ 2001). It was because in the PCO process, addition of H2O2 produced 
more •OH directly (Equation 16) or through the reaction with excited electron 
(Equations 7 and 8) or superoxide radical (Equation 14) so that it increased the RE of 
PCO (Modise et al,’ 2000). However, high concentration of H2O2 might adversely 
affect the RE of PCO. It was because when at high H2O2 concentration, the excess 
H2O2 consumed •OH as indicated by Equations 18 and 19，and thus the RE 
decreased (Peterson et al” 1991; Chen and Cheng, 1998; Crittenden et al., 1999; 
El-Morsi et al” 2000; Wang et al” 2000b; Alaton and Balcioglu, 2001; Galindo et al., 
2001; San et al., 2001). Moreover, high concentration of H2O2 leads to the 
competition with PAHs for the surface sites of TiO? (Equation 22) (Cornish et al., 
2000). Therefore, it was very important to optimize the dose of H2O2 in order to 
maximize the RE of PCO. Nevertheless, the inhibitory effect of H2O2 was not 
obvious in this study. Even the concentration of H2O2 was 80 mM, the PAH REs 
were still above 80%. The REs only varied at high level when the concentration of 
H2O2 increased. The inhibitory effect might be more obvious when more that 80 
mM of H2O2 was added for the PCO. 
h+(surface) + H202(adsorbed) H O � , (adsorbed) + H + ( 2 2 ) 
In addition to H2O2, O2 played an important role during the PCO of PAHs. 
According to the figures showing the effects of H2O2 concentration, it can be easily 
found that when the concentration of H2O2 was 0 mM, the REs were 30 to 70%. It 
164 
was not only due to the mixing effect of aeration but also the effect of dissolved O2 
molecules. Dissolved O2 was found to be critical to PCO (Leng et al” 2000). The 
adsorptive O2 molecules at the Ti02 surface acted as an effective electron trapper 
which prevented recombination of the electron-hole-pairs resulting from the 
photoactivation (Modise et al,, 2000; Wang and Hong, 2000; Munner et al” 2001; 
Yamazaki et al., 2001). In addition, the adsorbed O2 proceeded in a series of 
chemical reaction (Equations 6，10 - 14) that contributed to the formation of •OH 
(Modise et al,, 2000; Wang and Hong, 2000; Munner et al., 2001; Yamazaki et al, 
2001). Moreover, O2 acted as an oxidant in the process of the hydroxylation of 
organic compounds (Leng et al” 2000). Therefore, aeration was recommended in 
PCO process. 
5.3.5 Effect of initial PAHs concentration 
The effect of initial PAH concentration was not consistent among the five selected 
PAHs. In the PCO reaction of naphthalene (Figure 4.51), chrysene (Figure 4.53)， 
and benzo(g,h,i)perylene (Figure 4.55), lower concentration of PAHs could be 
degraded faster under the optimized conditions. But in the cases of anthracene 
(Figure 4.52), and benzo(a)pyrene (Figure 4.54), degradation of 10 mg/1 of PAHs 
were faster than 5 mg/1 of PAHs and 20 mg/1 of PAHs were degraded slowly. 
Generally, in the PCO process, the oxidation rate was usually found to be slower 
when the concentration of substrates increased (Chen and Cheng, 1998; Cao et al. 
1999; Leng et al., 2000; Alaton and Balcioglu, 2001; Chan et al., 2001; Chen et al” 
2001; San et al” 2001). This could be explained by the competition for active sites 
on the Ti02 surface since degradation rate was largely depends on the capacity of the 
molecules to adsorb at the catalyst surface (Leng et al.’ 2000; Alaton and Balcioglu, 
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2001; Chan et al•’ 2001; Piscopo et al” 2001; San et al； 2001). During the PCO, 
the reaction mostly occurred between the •OH and organic molecules from the 
solution the TiO� surface. When the initial substrate concentration was high, the 
number of active sites decreased by substrate molecules because of their competitive 
adsorption on TiO] surface (San et al” 2001). In addition, large amount of 
substrate molecules adsorbed on the Ti02 surface completed with O2, OH" and H2O 
molecules for the active sites on TiO� surface, thus, inhibiting the generation of 
reactive •OH in PCO process seriously (Alaton and Balcioglu, 2001; Chen et al” 
2001). Moreover, as the concentration of target compound increased, the amount of 
intermediates and/or products would be increased. They became another group of 
competitors for the surface active sites of Ti02 with the parental compounds (Leng et 
al., 2000; Chan et al., 2001). Therefore, the degradation rate was usually inversely 
related to the initial concentration of organic compounds. 
However, the effect of initial substrate concentration on PCO should not be over 
generalized. Some studies reported that the reaction rate increased when the initial 
concentration increased (El-Morsi et al” 2000; Khodja et al, 2001; Mimeer et al, 
2001). Galindo et al. (2001) suggested that increasing the quantity of substrate 
molecules per volume unit enhanced the probability of collision between substrate 
and oxidizing species that leading to an increase in oxidation rate. Wang et al. 
(2000a) even found that there was no significant difference in reaction rate among 
different initial substrate concentrations. 
According to the experimental results of PCO for anthracene and benzo(a)pyrene in 
this study, the effect of initial PAH concentration on PCO efficiencies might due to 
both competition and collision effects mentioned above. Moreover, as the 
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optimization was conducted by using 10 mg/1 of PAHs, the conditions might be not 
the best for the PCO of 5 and 20 mg/1 of PAHs. The inhibitory effect might also 
due to the improper concentration ofTiOa and H2O2 that largely influenced the RE of 
PCO process (Sections 5.3.2 and 5.3.4). 
5.3.6 Improvements on RE after optimization 
Optimization of physico-chemical conditions for PCO could significantly improve 
the RE for all the five PAHs (Figures 4.56 - 4.60). It was because the inhibitory 
effects caused by improper concentrations of Ti02, UV intensity, H2O2 concentration, 
pH, and the presence of anions could be minimized after optimization. Therefore, it 
was important to optimize the PCO process in order to maximize the RE under the 
minimal time and cost. 
When comparing the PCO with the controls (Figures 4.56 - 4.60), except those for 
anthracene (Figure 4.57), it was obvious that the RE could be largely increased after 
adding TiO�. Previous studies also reported that the addition of TiO� markedly 
improved the degradation of pollutants in comparison to photolysis (Goutailer et al., 
2001; Senogles et al., 2001; Muneer et al., 2001). However, in the case of 
anthracene (Figure 4.57), UV irradiation was much more important than the addition 
of Ti02 and H2O2 in the degradation process. It might be because anthracene was 
photoreactive that would be easily activated and oxidized under sunlight or UV (350 
nm) illumination in the presence of water (Dabestani et al., 1995; Yu et al,, 1999; 
Mallakin et al., 2000; Kannan et al” 2001). Moreover, Bernstein et al. (1999) 
reported that anthracene was quickly degraded (half-life � 5 0 min) under UV 
irradiation alone when comparing with other PAHs. Among the three sets of 
control (Figures 4.56 - 4.60)，the one with UV irradiation and H2O2 addition often 
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showed higher RE than that with UV irradiation alone, and the dark control showed 
the lowest RE. It was because UV illuminated H2O2 generated the very highly 
oxidizing and reactive •OH, which then participated in the degradation of organic 
pollutants (Cornish et al； 2000; Wang et al., 2000a; Wang and Hong, 2000). The 
RE of PAHs under UV irradiation alone might due to the slow oxidation induced by 
some oxidizing species generated from O2 and H2O under UV illumination 
(Bernstein et al., 1999). Finally, the RE observed in dark control might due to the 
loss of PAHs that adsorbed on glass wall. 
In the PCO under the preliminary conditions, the descending order of reaction rate 
was anthracene, naphthalene, benzo(a)pyrene, benzo(g,h,i)perylene and chrysene 
(Figure 4.61). The order was similar but not the same in the PCO under the 
optimized conditions: anthracene, naphthalene, benzo(a)pyrene, chrysene and 
benzo(g，h，i)perylene (Figure 4.62). The differences in REs among the five PAHs 
were getting closer in the PCO under optimized conditions than that under 
preliminary conditions. The findings in present study were similar to the 
disappearance order found in a previous study (Ireland et al., 1995). Ireland et al. 
(1995) stated that anthracene was easily degraded under PCO, while naphthalene 
was more inert among the five PAHs. They found that the order of disappearance 
should be anthracene, benzo(a)pyrene, benzo(g,h,i)perylene, chrysene, and 
naphthalene. No relationship could be found between the ring number of PAHs and 
the rate of PCO. 
Ti02 concentration and UV intensity seemed to be the more important parameters in 
promoting RE in PCO process. It was because when comparing between the 
preliminary and optimized conditions for PCO (Table 4.2), the modifications were 
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mostly in TiO� concentration and UV intensity, and these two parameters were 
critical to the PCO process. There was no clear relationship between the structures 
of PAHs and variations in optimized conditions. 
5.4 Toxicity analysis 
5.4.1 Microtox® test for acute toxicity 
According to the experimental results (Figures 4.63 - 4.67)，the acute toxicity could 
be removed after 10，12，10，8，and 8 hrs UV irradiation for the PCO of naphthalene, 
anthracene, chrysene, benzo(a)pyrene, and benzo(g,h,i)perylene respectively. 
However, one point should be clearly stated that, according to a preliminary test, the 
acute toxicities of the five PAHs in 10 mg/l were all non-detectable by using 
Microtox® test. The low initial EC50 values were mostly due to the addition of 
H2O2. In a preliminary study, the acute toxicity of the added H2O2 (5 mM) could be 
completely removed by 90 min of PCO process under preliminary conditions (Table 
AI-6 in Appendix I). It was believed that the toxicity caused by H2O2 could be 
removed earlier in the PCO under optimized conditions since higher UV intensity 
was applied. It could be assumed that the low EC50 values obtained after 2 hrs of 
PCO were not due to the added H2O2 but the intermediates and/or products generated. 
The point was supported by Schwitzgebel et al. (1995) that the concentration of 
H2O2 was found to be rapidly and efficiently decomposed rather than largely 
generated during the PCO. The first 2 hrs PCO process actually induced the acute 
toxicity from those PAH compounds since the acute toxicity of initial samples 
(before H2O2 addition and UV irradiation) was non-detectable. This finding was in 
agreement of many studies that PAHs became more toxic even exposed to sunlight or 
UV due to the formation of oxidized PAH compounds (Gensemer et al., 1998; 
Bernstein et al” 1999; Hatch and BurtonJr. et al., 1999; Wemersson et al., 1999). 
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Even so, the acute toxicity caused by the intermediates and/or products was 
completely removed after longer irradiation time (8—12 hrs) of PCO process. PCO 
was surely a detoxification process. 
5.4.2 Mutatox® test for genotoxicity 
The samples for the measurement of initial genotoxicity were prepared as the same 
as those for usual PCO process without the addition of H2O2. The purpose of this 
was to eliminate the disturbance on the growth of bacteria caused by acutely toxic 
H2O2. 
In the direct medium tests, only the sample collected after the PCO of 
benzo(g,h,i)perylene was mutagenic among the ten samples (Tables 4.3 - 4.5). This 
indicated that some direct mutagens were generated after 6 hrs PCO process of 
benzo(g,h,i)perylene. With reference to the proposed degradation pathway of 
benzo(g，h，i)perylene，the most possible direct mutagens were those phenolic 
compounds. However, it was only a speculation and the direct mutagenic effect 
might be caused by more than one group of organic compounds. It was believed 
that the residual mutagenicity could be removed after longer PCO process since there 
was not PCO resistant dead end product detected. Complete mineralization was 
expected and so the residual mutagenicity could be removed finally. The five 
parental PAHs did not show direct mutagenicity and this was similar to those 
reported previously (Wang, 1996). 
In the S-9 medium test, only benzo(a)pyrene (before PCO) was found to be 
pro-mutagen among the ten samples (Tables 4.6 - 4.8). The samples collected after 
PCO processes did not show S9-dependent mutagenicity. It might be because only 
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simple organics were remained and no any pro-mutagen was present in the samples. 
According to the database of United States National Library of Medicine (2001a), 
benzo(a)pyrene showed positive results in different genotoxicity tests. The 
genotoxic effects of anthracene, chrysene and benzo(g,h,i)perylene were 
inconclusive, while that of naphthalene was negative (United States National Library 
of Medicine, 2001a). 
Johnson (2000) has defined another genotoxicity end point for Mutatox® test that 
was different from the one in Mutatox® Test Manual (AZUR Environmental, 1998b). 
He stated that the sample with light value of 100 or more and at least three times the 
light intensity of the negative control was defined as a genotoxic response. A 
dilution series with a dose-response number of 3 or more was designated genotoxic, 
while a dose-response number less than 3 was designated suspect, or without a 
genotoxic response was designated negative (Johnson, 2000). If this definition was 
applied to the present study, except the positive controls, no sample was genotoxic in 
the direct medium test, while only benzo(a)pyrene was genotoxic in the S-9 medium 
test. 
5.5 Determination of TOC removal in optimized PCO 
With reference to the experimental results (Figures 4.63 - 4.67)，PCO could 
successfully mineralize the five selected PAHs in hours of time. Above 95% of 
TOC were quickly removed after 6 to 8 hrs of PCO. The high mineralization 
ability of PCO was in agreement with a lot of recent studies (Wang et al” 1999; 
Malato et al.’ 2000; Chen et al” 2001; Ohko et al., 2001; Ormad et al., 2001). 
Interestingly, it could be easily found that the degradation of parental PAHs (more 
than 90% of PAHs have been already removed after 5 to 30 min of reaction) were 
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much faster than the TOC removal. This meant the disappearance of the parental 
compounds were faster than mineralization. 
Reactants - k l -> Intermediates - k 2 -> Products (23) 
Equation 23 simplified the reactions included in PCO (Wang et al., 1999，2000b; 
Chen et al., 2001; Ohko et al., 2001; Piscopo et al., 2001; Zhang et al., 2001). It 
was generally found that the rate constant kl was usually higher than k2 (Wang et al., 
1999，2000b; Chen et al., 2001; Ohko et al” 2001; Piscopo et al” 2001; Zhang et al.’ 
2001). Moreover, Torimoto et al. (1996) stated that complete mineralization 
required a long period of time. It was because the degradation of intermediates was 
highly dependent on their collision with Ti02. The intermediates with low 
adsorbability would largely extend the time for complete degradation (Torimoto et 
al., 1996). Therefore, the disappearance of reactants was faster than the removal of 
TOC. 
Combining the results obtained in the Microtox® test and the TOC removal together 
(Figures 4.63 - 4.67)，it was found that the TOC removed was usually faster than the 
toxicity removed. It might be because the intermediates and/or products were so 
toxic that only very low concentration was enough for initiating the toxic response in 
Microtox® test. Therefore, even the concentration of TOC was very low, the 
sample was still acutely toxic. 
5.6 Determination of degradation pathways 
The aqueous intermediates during PCO of PAHs were identified by GC-MS 
techniques. However, some peaks in the GC-MS chromatographs could not be 
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identified against laboratory available chemicals (those with similarity below 60% 
were not recorded) and the similarity between the detected intermediates and the 
database was generally quite low (range from 60 - 80% only). It might be because 
the database was still not large enough to cover all detected intermediates in this 
study or the presence of impurities disturbed the matching between detected 
compounds to the database. The proposed pathways might be deviated from the 
actual degradation pathways. Moreover, only very low quantities of intermediates 
could be detected. It was possible that the number of intermediates was 
under-estimated and resulted in the incomplete degradation pathways proposed in 
this study. It was suggested that the proposed degradation pathways would be more 
completed by more frequent sampling, especially in the initial stage of PCO, were 
collected. The only relationship found between the ring number of PAHs and the 
intermediates was that when the number of ring increased, the number of 
intermediates detected increased. More organic compounds were found during the 
PCO of benzo(g,h,i)perylene and benzo(a)pyrene than those of chrysene, anthracene, 
and naphthalene. 
Based on the results obtained, totally six major group of intermediates were found 
including ketones, aldehydes, carboxylic acids, alcohols, alkenes and alkanes. 
There was no clear pattern on the appearance and disappearance of these compounds 
since some of them might be transformed with each other until the intermediates 
were completely degraded in the PCO. This was supported by Schwitzgebel et al 
(1995) that numbers of reactions occurred among the intermediates through the 
whole PCO process, for example, the oxidation of alkanes or alcohols yielded 
ketones, that of ketones or aldehydes yielded carboxylic acids and carbon dioxide, 
and that of carboxylic acids yielded, aldehydes, alcohols, and carbon dioxide. The 
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formation of carboxylic acids, or carbon dioxide was the reason of pH dropped in 
samples after PCO (Crittenden et al” 1999). 
Previous studies found that degradation of PAHs by oxidizing species included •OH 
was initiated primarily through ring-cleavage, fragmentation, and ultimately bought 
to complete mineralization (Zeng et al., 2000a, 2000b). Opening of the aromatic 
ring with •OH consists of the attack of a second •OH followed by an involvement of 
molecular O2, and the generation of aldehydes or ketones might depend on the 
position of ring opening (Wang and Hong, 2000). Formation of oxygenated 
intermediates through oxidation or fragmentation, and long chain aliphatic 
compounds through radical recombination (polymerization) were the follow-up 
reactions after ring cleavage of PAHs (Zeng et al” 2000a, 2000b; Miller and Olejnik, 
2001). The polymerization well explained that the carbon number of some 
intermediates was higher than that of parental PAHs. 
The details of the PCO process occurring with aromatic molecules adsorbed on the 
surface of illuminated Ti02 in the presence of aerated water were not yet elucidated 
(Matthews, 1987). Proposed reaction schemes involving both positive hole (h+) 
and •OH reacted directly with the aromatic molecule (Equations 22 and 23), and at 
least part of PCO proceeded through hydroxylation and cleavage of the aromatic ring 
(El-Morsi et al.’ 2000; Khodja et al., 2001; Zeng et al.’ 2000b). Unstable 
intermediates would also undergo ring cleavage and subsequently rapid 
decarboxylation (Doong et al., 2001). Carbon dioxide and water were the major 
end products in the PCO (Schwitzgebel et al.’ 1995). 
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RH(adsorbed) + •OH(adsorbed) — •R(adsorbed) + H20(adsorbed) ( 2 2 ) 
RH(adsorbed) + h+(surface) —> •^(adsorbed) + H + ( 2 3 ) 
Adsorption was significantly effective to enhance the rate of mineralization of the 
substrates (Torimoto et al., 1996; El-Morsi et al., 2000). Once the substrates 
diffused to the TiO! interface, photodecomposition reaction proceeds consecutively 
resulting in the complete mineralizaton without the accumulation of the 
intermediates (Torimoto et al., 1996). However, it took a long time to achieve the 
complete mineralization (Torimoto et al” 1996). In addition to adsorption, 
mineralization would happen in solution phase. Free •OH in the bulk solution 
might arise from adsorbed •OH which diffused away from the surface of the TiOi or 
by reduction of H2O2 formed from a reaction involving the •O2" (Peterson et al., 
1991; Cornish et al” 2000; El-Morsi et al., 2000). These •OH could then react with 
intermediates which did not interact with Ti02 (Cornish et al., 2000). The lifetime 
of free •OH in solution was controlled by their encountering with reducing agents 
and was expected to be longer than their recombination lifetime as adsorbed species 
on Ti02 (Peterson et al,, 1991). However, these free •OH unlikely migrated far 
from the Ti02 surface and the degradation process only occurred near the TiO� 
surface (Hidaka et al., 1992; Zhang et al., 2001). 
As a large number of intermediates were identified at each sample collected during 
the PCO of PAHs, it was hard to identify any organic compounds that representing 
for the acute toxicity and mutagenicity (benzo(g,h,i)perylene only) of the samples. 
The toxicity might be due to single or a group of organic compounds formed during 
PCO. Toxicity identification evaluation could be performed in order to find out the 
major toxicant(s). Overall, the RE of PAHs in PCO process could be significantly 
175 
improved after optimization. Moreover, PCO has been proved to be effective to 
detoxify and mineralize five PAH compounds in only 6 - 1 2 hrs. Even the 
degradation pathways were not completely identified, the aromatic ring number and 
complexities of PAHs were finally decreased by PCO process. Therefore, PCO 
process was a feasible alternative treatment for PAHs. 
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6. Conclusion 
Polycyclic aromatic hydrocarbons (PAHs) are a group of ubiquitous pollutants. 
The great concern on PAH contamination is mostly because some of them have been 
proved to be mutagenic and even carcinogenic to living organisms. It is urged to 
find an effective way to deal with this problem. Photocatalytic oxidation (PCO) 
have been widely studied and believed to be a feasible and powerful alternative to 
degrade and even mineralize a broad range of organic pollutants. Therefore, in this 
study, PCO was employed to degrade five PAHs including naphthalene (2-ring), 
antthracene (3-ring), chrysene (4-ring), benzo(a)pyrene (5-ring), and 
benzo(g,h,i)perylene (6-ring). 
The optimal titanium dioxide (TiO�）concentration was 100，50, 50, 150, and 100 
mg/l for the PCO of naphthalene, anthracene, chrysene, benzo(a)pyrene, and 
benzo(g,h,i)perylene respectively. The optimal range of Ti02 concentration for 
PCO of PAHs was suggested to be ranging from 50 - 150 mg/l. Maximal UV 
intensity (2.4 mW/cm ) was found to be optimal for degrading four PAHs, except 
anthracene that only 1.8 mW/cm^ UV was enough to get the highest RE. The 
optimal pH for the PCO of anthracene was 4.0，while that of the other four PAHs 
was 5.8. The initial pH value ranging from 4 — 7 was believed to be the optimal 
range of pH since higher RE was recorded in the PCO of the five PAHs when the 
initial was varied within this range. Five mM hydrogen peroxide (H2O2) was added 
to enhance the PCO process without any inhibitory effect. The overall RE was 
significantly improved after optimization process. The degradation rate was 
increased and only 5 to 30 min were required to remove more than 90% of PAHs 
under optimized conditions. All information found in this study may be a good 
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reference for the application of PCO in real treatment system. 
Anthracene was sensitive to UV irradiation when comparing with the other four 
PAHs. The RE for anthracene under UV irradiation alone was comparable to that 
with Ti02 addition. Besides anthracene, Ti02 could largely increase the RE for the 
PAHs in PCO process. The order of disappearance in the PCO under the optimized 
conditions was anthracene, naphthalene, benzo(a)pyrene, chrysene and 
benzo(g,h,i)perylene. However, no relationship was found between the ring 
number of PAHs and the rate of PCO under both preliminary and optimized 
conditions. Moreover, the ring number of PAHs and the optimized parameters were 
not related to each other. 
Toxicity analysis was an important part of this study. It was believed that the acute 
toxicity during PCO was not due to the parental PAHs. It was because more than 
90% of PAHs have been already removed after 5 to 30 min of reaction but the 
samples were still acutely toxic until 8 to 12 hrs of PCO process. The change of 
acute toxicity during PCO was more related to the concentration of total organic 
carbon (TOC) instead. More than 95% of TOC could be removed after 6 to 8 hrs of 
PCO under optimized conditions. That meant the acute toxicants was probably 
caused by the intermediates formed during PCO process. Additionally, the 
mutagenicity of samples collected during PCO was studied by using Mutatox® test. 
The samples at the time point that showed non-detectable acute toxicity were used to 
do the test. Only the sample from the PCO of benzo(g,h,i)perylene showed 
mutagenicity. It was predicted that two more hours (i.e., total 10 hrs) PCO process 
would be enough to remove the residual mutagenicity. In short, PCO process was 
effective in the detoxification and mineralization of the five selected compounds. 
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Finally, the intermediates formed during PCO were identified by GC-MS techniques. 
The great number of compounds detected during the PCO of PAHs showed the 
complexity of the process and suggested the existence of various degradation 
pathways resulting in complex and interconnected pathways. However, because of 
the low similarity between the detected intermediates and the database, the proposed 
pathways in this study might be deviated from the actual pathways. Six major 
groups of organic compounds were identified including ketones, aldehydes, 
carboxylic acids, alcohols, alkenes and alkanes. The only relationship found 
between the ring number of PAHs and the intermediates was that when the number 
of ring increased, the number of intermediates detected increased. More organic 
compounds were found during the PCO of benzo(g,h,i)perylene and benzo(a)pyrene 
than those of chrysene, anthracene, and naphthalene. It was believed that the 
degradation of PAHs by PCO process was generally included ring-cleavage, 
fragmentation, polymerization, and complete mineralization ultimately. 
Even the possible degradation pathways of PAHs in PCO process have been 
proposed, further study on identifying the toxicity-causing intermediate(s) is required. 
It is because the identification of possible formation of highly toxic compounds even 
at low concentrations is essential for the assessment of treated water. Byproducts 
evaluation is the key to optimize treatment on different kinds of pollutants and to 
maximize the efficiency and effectiveness of the overall process. 
The final goal of my research is undoubtedly the application of PCO process in real 
treatment system. But before applying this process as real treatment system, many 
questions should be considered. Firstly, the treatment process for aqueous 
pollutants may be different from that for contaminated soil or sediment. Rinsing 
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process may be required to wash out those pollutants adsorbed on soil or sediment so 
that PCO process can be better applied for the destruction of pollutants in aqueous 
phase. Using biodegradable surfactants may be a good option for rinsing process. 
Moreover, we should consider whether the photocatalyst are immobilized on 
supporting materials or freely suspended in reaction mixture. Immobilized 
photocatalyst may be more applicable to treat the air pollutants since the lost of 
photocatalyst in air treatment system may be lower. Freely suspended photocatalyst 
may be more effective for wastewater treatment, however, we should find the ways 
for separation and recyclization of photocatalyst to ensure that the photocatalyst will 
not create a new pollution problem and the operational cost of treatment system can 
be minimized by recyclization. 
Solar energy is a renewable energy source. Will it be a good alternative for high 
electrical power in generating artificial light source for PCO process? Utilization of 
natural sunlight in wastewater treatment system is surely an environmental friendly 
technology but the efficiency and effectiveness of it should be taken into 
consideration. Last but not the least, PCO process is usually possible to reduce the 
pollutant concentrations to any desired level in according to different environmental 
regulations. However, the operational cost of treatment increases with the degree 
of target pollutants removal or mineralization required. Combination of PCO 
process and other treatment methods, such as biological treatment, may be more 
economical and feasible in the treatment for particular pollutants. Nevertheless, the 
PCO system is proving to be effective and efficient, and it may be the only single 
method available to achieve complete destruction of the environmental pollutants. 
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8. Appendix I 
Table AI-1 Microtox® tests on samples collected during the PCO of naphthalene 
under the optimal condition. 
Irradiation time (hr) 5 min-EC5Q (%) 15 min-EC50 (%) 
0 1 2 . 7 0 ( 1 1 . 8 4 士 1 3 . 6 3 ) * 1 3 . 2 8 ( 1 1 . 7 9 士 1 4 . 9 5 ) 
2 1 7 . 3 1 ( 1 5 . 9 6 ± 1 8 . 7 9 ) 1 0 . 8 6 ( 1 0 . 4 3 土 1 1 . 3 1 ) 
4 17.12 (16.46 ±17.81) 12.18 (11.62 ± 12.76) 
6 22.97 (22.57 ±23.38) 17.89 (17.48 土 18.32) 
8 42.72 (41.03 土 44.48) 41.50 (38.65 ± 44.56) 
^ � 90 >90 
*Data in parenthesis represent the 95% confidence interval. 
Table AI-2 Microtox® tests on samples collected during the PCO of anthracene 
under the optimal condition. 
Irradiation time (hr) 5 min-EC50 (%) 15 min-EC5Q (%) — 
0 1 3 . 8 5 ( 1 2 . 9 5 ± 1 4 . 8 1 ) * 1 2 . 4 5 ( 1 2 . 0 5 土 1 2 . 8 5 ) 
2 18.70 (17.33 ±20.19) 14.82 (13.82 ± 15.89) 
4 22.25 (21.90 土 22.62) 16.93 (15.46 士 18.53) 
6 2 4 . 3 7 ( 2 4 . 0 9 土 2 4 . 6 6 ) 1 8 . 5 5 ( 1 7 . 6 2 ± 1 9 . 5 4 ) 
8 35.63 (30.07 士 42.22) 25.01 (21.28 ± 29.39) 
1 0 4 3 . 8 2 ( 3 9 . 2 6 ± 4 8 . 9 2 ) 3 6 . 2 5 ( 3 4 . 3 5 土 3 8 . 2 5 ) 
12 >90 >90 
*Data in parenthesis represent the 95% confidence interval. 
Table AI-3 Microtox® tests on samples collected during the PCO of chrysene under 
the optimal condition. 
Irradiation time (hr) 5 min-EC50 (%) 15 min-EC50 (%) — 
0 13.07 (12.65 士 13.50)* 15.95 (15.68 ± 16.23) 
2 24.20 (23.73 ±24.69) 16.72 (15.67 ± 17.85) 
4 23.85 (23.24 土 24.46) 16.06 (15.90 ± 16.21) 
6 30.16 (29.89 ±30.44) 20.65 (20.22 土 21.09) 
8 7 8 . 2 6 ( 7 4 . 4 5 土 8 2 . 2 9 ) 5 7 . 1 1 ( 5 4 . 9 6 ± 5 9 . 3 6 ) 
10 >90 >90 
*Data in parenthesis represent the 95% confidence interval. 
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Table AI-4 Microtox® tests on samples collected during the PCO of 
benzo(a)pyrene under the optimal condition. 
Irradiation time (hr) 5 min-EC50 (%) 15 min-EC5Q (%) 
0 15.47 (14.99 ±15.96)* 17.09 (16.28 ± 17.94) 
2 24.96 (24.83 ±25.09) 18.65 (18.29 土 19.02) 
4 3 1 . 4 8 ( 2 9 . 7 7 士 3 3 . 2 9 ) 2 7 . 1 6 ( 2 5 . 5 6 士 2 8 . 8 7 ) 
6 54.16 (49.26 土 58.95) 41.84 (39.34 土 44.51) 
8 >90 >90 
*Data in parenthesis represent the 95% confidence interval. 
Table AI-5 Microtox® tests on samples collected during the PCO of 
benzo(g,h,i)perylene under the optimal condition. 
Irradiation time (hr) 5 min-EC5Q (%) 15 min-EC50 (%) 
0 12.10 (12.06 士 12.14)* 8.95 (8.46 土 9.47) 
2 2 1 . 5 5 ( 2 0 . 9 9 土 2 2 . 1 2 ) — 1 6 . 4 5 ( 1 6 . 1 1 土 1 6 . 8 0 ) 
4 24.78 (24.38 土 25.20) 18.19 (17.50 土 18.91) 
6 4 9 . 2 5 ( 4 5 . 0 1 土 5 3 . 8 9 ) 3 5 . 9 0 ( 3 3 . 3 5 士 3 8 . 6 4 ) 
^ � 90 >90 
*Data in parenthesis represent the 95% confidence interval. 
Table AI-6 Microtox® tests on samples collected during the PCO of 5 mM 
hydrogen peroxide (H2O2) under preliminary condition. 
Irradiation time (min) 5 min-EC5Q (%) 15 min-EC5Q ( % ) — 
0 1 5 . 7 8 ( 1 4 . 8 8 土 1 6 . 7 4 ) * 1 5 . 6 2 ( 1 4 . 2 9 土 1 7 . 0 7 ) 
10 20.32 (18.37 土 22.48) 22.85 (20.40 土 25.60) 
^ 25.31 (23.96 土 26.74) 30.96 (28.19 ± 34.01) 
^ 45.05 (41.03 士 56.28) 30.00 (26.77 土 40.69) 
50 76.51 (66.84 士 87.58) 49.78 (45.67 士 54.26) 
^ 87.93 (81.76 士 94.56) 59.61 (52.53 土 67.65) 
^ � 90 >90 
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